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Thermodynamic models that can accurately describe and predict phase equilibrium are es- 
sential for process design and simulation. For systems containing associating fluids, where 
there are strong intermolecular interactions, this is a very challenging task. The focus 
of this work is on modelling systems containing hydrogen fluoride (HF) and replacement 
refrigerants, both of which can present strong hydrogen bonding and polar interactions. 
In addition, in developing molecular models for refrigerant molecules, their non-spherical 
shape needs to be addressed. The statistical associating fluid theory with potentials of 
variable range (SAFT-VR) is especially well-suited for this task. In SAFT-VR hydro- 
gen bonding interactions are taken into account explicitly by introducing a number of 
short range attractive sites, which mediate this interaction, while the non-sphericity of 
the molecule is treated via a model of a chain of tangentially bonded segments. Here 
the non-sphericity of the molecule is obtained from ab initio quantum mechanical calcu- 
lations; this is a major new contribution of this work. Novel molecular models for HF 
and a number of refrigerants are developed. These models are then used to treat mixtures 
where hydrogen bonding is examined in particular detail. The SAFT-VR approach is 
flexible enough to reflect the fact that different types of hydrogen bond can form between 
two species. Two approaches for the estimation of mixture parameters are presented. 
The first one relies on coexistence composition data. However, often these compositions 
are obtained from data reduction, which depends on the thermodynamic description as- 
sumed, as opposed to experimental sampling. Hence, an inherent bias is incorporated into 
the intermolecular potential model. To overcome this, a mathematical model of experi- 
mental setup with integrated parameter estimation is developed, allowing self-consistent 
intermolecular parameters to be obtained. An estimation of experimental uncertainty is 
incorporated into the formulation of the parameter estimation problem, enabling an eval- 
uation of the statistical significance of the parameters. The systematic approach to model 
development established in this work is general and can be applied to other systems and 
advanced equations of state. 
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1.1 Motivation and challenges 
The focus of this work is the systematic development of thermodynamic models to de- 
scribe the fluid phase equilibrium of fluids and their mixtures characterised by strong 
association. Phase equilibrium is central to many separation processes and hence is of 
significant importance to industry. Wakeham and Stateva (2004) estimated that 70-90 % 
of equipment and energy costs of modern chemical plants are associated with separation 
and purification processes. In order to minimise economic losses accurate prediction and 
correlation of thermodynamic properties for process design and simulation are required 
within industry. To illustrate this Dohrn and Pfohl (2002) studied the effect of error in 
separation factor on the minimum number of stages required in a separation column. The 
separation factor, the ratio of composition in the liquid and vapour phase, is obtained 
from a knowledge of the fluid phase equilibrium. Dohrn and Pfohl (2002) found that for 
low separation factors, indicating difficult separation, a5% under-estimation in the sepa- 
ration factor lead to a 100 % over-estimation in the minimum number of stages required. 
This in turn has a significant impact on the investment and operating costs of a plant. 
In this work systems containing strongly associating fluids and their mixtures are studied. 
Strong short-range directional attractive interactions, such as hydrogen bonding or polar 
interactions, can occur between molecules; as a result aggregates form, which significantly 
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affects the phase behaviour. For example, water would exist as a gas not a liquid at 
room temperature if hydrogen bonding did not occur. Hydrogen fluoride exhibits pro- 
nounced association in the vapour phase resulting in very high vapour pressures at low 
temperatures. Furthermore, mixtures containing strongly associating fluids exhibit large 
deviations from ideal mixing and often form azeotropes. On the other hand, mixtures con- 
taining a component with strong like attractive interactions and another non-associating 
component often result in liquid-liquid immiscibility. 
Associating fluids are frequently encountered in industry and nature. Here associating 
systems containing hydrogen fluoride and replacement refrigerants, which are of impor- 
tance to industrial manufacturers of refrigerants, are examined in detail. There has been 
significant interest in the manufacture of ozone-friendly replacement refrigerants since 
Molina and Rowland (1974) first suggested that traditional refrigerants, chlorofluorocar- 
bons (CFCs), contributed to the depletion of the ozone layer. CFCs are stable, non-toxic 
and non-flammable, they have been used in a variety of applications since the 1930s in- 
cluding use as refrigerants, in aerosols, and as foam-blowing agents and cleaning agents in 
industry. However, their instability causes them to decompose under the sun's ultraviolet 
radiation when they reach the stratosphere, releasing chlorine radicals, which act as a cat- 
alyst in the breakdown of ozone. The Montreal Protocol (1987) that regulates substances 
that deplete the ozone layer and subsequent amendments called for the phasing out of 
CFCs and other substances that deplete the ozone layer. CFCs have been replaced by 
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), which have similar 
properties to CFCs. The replacements refrigerants, HFCs and HCFCs, are manufactured 
by reacting the original CFCs with hydrogen fluoride, hence the interest in systems involv- 
ing hydrogen fluoride. It should be noted that the banning of CFCs and the manufacture 
of replacement refrigerants is one of the major success stories in environmental control. 
Newchurch et al. (2003) have reported evidence of a slowdown in the stratospheric ozone 
loss rates and conclude that this constitutes the beginning of a recovery of the ozone layer. 
There are many challenges to be overcome in the development of thermodynamic models 
for strongly associating fluids and their mixtures. As already mentioned, in systems where 
association interactions occur between like and unlike molecules, aggregate species form. 
The presence of these aggregates in turn has an effect on the thermodynamic properties 
and phase behaviour of the system. An explicit treatment of association must be incor- 
porated into the thermodynamic model in order to obtain a reasonable description of the 
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thermodynamic properties. Association interactions are particularly strong in HF and 
aggregate species form in both the liquid and vapour phases. Association interactions can 
occur as well between refrigerant molecules that are highly polar and, in addition, it is also 
important to account for their non-spherical shape explicitly in the thermodynamic model. 
Furthermore, a consistent and physically-meaningful quantification of the non-sphericity 
of the molecule is required. As a consequence mixtures containing HF and refrigerants 
are extremely complex. Strong deviations from ideal mixing characterise these systems, 
with azeotropes and liquid-liquid immiscibility often observed. It is therefore necessary 
to incorporate all of these molecular features in developing a theory for the description of 
the thermodynamic properties of such fluids. 
The success of any thermodynamic model depends on the experimental data available 
for determination of model parameters. However, due to the highly toxic, corrosive and 
reactive nature of hydrogen fluoride experiments are difficult, dangerous and expensive to 
perform. Apparatus must be constructed from resistant metal alloys and so it is difficult to 
directly determine with certainty the number of phases present in equilibrium for mixtures 
containing HF and refrigerants. In addition, for some of the replacement refrigerants and 
intermediates there is a scarcity of experimental data in the open literature. Consequently, 
the determination and verification of model parameters can be difficult. 
1.2 Objectives 
Within the broad scope of this research a number of objectives are addressed here. These 
are: 
1. The development of thermodynamic models for strongly associating fluids and their 
mixtures that can be used with confidence over a wide range of conditions. 
2. The establishment of a systematic approach to model development. 
3. The evaluation of the importance of experimental data in the determination of model 
parameters. 
4. The incorporation of an estimation of experimental uncertainty in parameter esti- 
mation, thus allowing an evaluation of the statistical significance of the parameters 
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obtained. 
5. The modelling of fluid-phase equilibrium experiments for an integrated treatment of 
the phase behaviour and the model development. 
1.3 Contributions of this work 
The key contributions of this work are: 
" The establishment of a systematic approach for the development of thermodynamic 
models to describe strongly associating fluids and their mixtures. 
9 The use of a quantum mechanical analysis to obtain a consistent and physically 
meaningful description of the non-sphericity of refrigerant molecules. 
" Pure component SAFT-VR models for hydrogen fluoride and a number of refriger- 
ants obtained from a large number of pure component VLE data points covering a 
wide range of conditions. 
" The development of an automated parameter estimation procedure to determine 
mixture parameters from a number of different variables (e. g. temperature and 
vapour composition) simultaneously, incorporating experimental mixture VLE data 
over a wide range of conditions. 
" SAFT-VR models for the strongly associating mixtures HF + water, HF + R134a 
and the polar mixture R23 + R134a capable of describing mixture VLE over a wide 
range of conditions 
" The development of asymmetric association models in mixtures, acknowledging that 
different types of hydrogen bonds form between molecules of different species. 
"A mathematical model of a static cell VLE experiment with integrated parame- 
ter estimation, allowing the determination of mixture model parameters from raw 
experimental data as opposed to pre-treated data dependent on a thermodynamic 
description. 
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" The inclusion of an estimate of experimental error in the formulation of the objective 
function, thus allowing an evaluation of the statistical significance of the mixture 
parameters obtained. 
1.4 Outline of thesis 
In chapter 2 different theoretical approaches for the explicit modelling of associating fluids 
are reviewed. The statistical associating fluid theory (SAFT), the approach adopted in this 
work, is presented and discussed in detail. In chapter 3 the formulation and calculation of 
phase equilibrium is examined. In addition, the issues of relevance in the determination 
of model parameters are discussed. In chapter 4 previous attempts to model HF and 
refrigerants are reviewed. Subsequently the pure component models obtained in this work 
are presented. In chapter 5 the thermodynamic models for strongly associating mixtures, 
obtained from coexisting composition mixture VLE data for different temperatures and 
pressures are presented. In chapter 6a model of static cell VLE experimental setup with 
integrated parameter estimation is proposed. The model is validated by examining a 
number of experimentally well-studied mixtures. The results obtained from a case study 
on the mixture HF + R122 are then presented. Finally, in chapter 7 the main conclusions 
obtained in the work are summarised, followed by some recommendations for future work. 
Chapter 2 
Modelling associating fluids 
2.1 Introduction 
Associating fluids are frequently encountered in nature and industry, for example a number 
of important substances such as water, hydrogen fluoride and even the proteins involved 
in DNA associate. In addition to simple dispersion attractions, association interactions, 
such as hydrogen bonding, occur between molecules in associating fluids. As a result 
of these strong, short-range attractive interactions aggregates or clusters of molecules 
form. The presence of these aggregates greatly affects the thermodynamic properties of 
associating fluids. For example, strong association leads to an increase in the critical 
point of the fluid and so increases the region of vapour-liquid equilibrium. The effects 
of association are extremely challenging to model and traditional approaches, such as 
cubic equations of state, are not sufficient. Three different thermodynamic approaches 
have been developed to specifically treat associating fluids. These are chemical theories, 
quasi-chemical theories and thermodynamic perturbation theories. Integral equation and 
density functional theories have also been used to model association but these are not as 
widespread and will not be discussed here. 
In this chapter association is introduced by considering the intermolecular interactions, in 
particular hydrogen bonding, occurring between molecules. The three different thermo- 
dynamic approaches to modelling associating fluids are each outlined and the equivalence 
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of these theories is discussed. In this work the statistical associating fluid theory (SAFT) 
(Chapman et al., 1989; Chapman et al., 1990), in which associating is treated via a ther- 
modynamic perturbation theory, is used to model associating fluids and their mixtures. 
In the second half of this chapter the SAFT model is presented and a brief overview of 
the different versions of SAFT is given. Finally, the equations involved in the SAFT-VR 
approach (Gil-Villegas et al., 1997; Galindo et al., 1998a) are presented. 
2.2 Association interactions 
In simple fluids repulsive and weak attractive (dispersion) forces together with weak elec- 
trostatic forces, due to dipoles and quadrupoles, govern the interactions between molecules. 
A number of thermodynamic approaches, such as the Soave-Redlich-Kwong (Soave, 1972) 
or Peng-Robinson (Peng and Robinson, 1976) cubic equations of state, have been proposed 
in the literature to model these simple fluids. However, a large number of fluids and their 
mixtures do not fall into this class of simple fluids, for example polymers, electrolytes and 
associating fluids. The focus of this work is on the latter type of fluid in which molecules 
associate to form relatively long-lived complexes such as dimers, trimers and higher n- 
mers. The forces governing the formation of these complexes are hydrogen bonding and 
charge transfer. 
The hydrogen bond is defined by Atkins (1998) as "an attractive interaction between 
two species that arises from a link of the form A-H"""B, where A and B are highly 
electronegative elements and B possesses a lone pair of electrons. " Hydrogen bonding is 
conventionally thought to occur between hydrogen atoms and N, 0 and F atoms, although 
other anionic atoms may take part in hydrogen bonding. The intermolecular forces in- 
volved in hydrogen bonding are stronger than those of dispersion interactions, often by an 
order of magnitude or more, but weaker than the strength of a chemical bond. In addition, 
the strength of hydrogen bonds can span an order of magnitude or more, depending on the 
molecules involved. In figure 2.1, taken from Müller and Gubbins (2001), the continuous 
distribution of bonds strengths from simple attractive (van der Waals) dispersion forces 
to chemical bonds is shown. 
Hydrogen bonding interactions also differ from dispersion interactions in their direction- 
ality. A hydrogen bond can only occur in certain orientations and hence is anisotropic, as 
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Figure 2.1: Continuous distribution of bonds strengths from weak attractive forces to chemical 
bonds, taken from Müller and Gubbins (2001). 
opposed to isotropic dispersion interactions which occur over all orientations. 
If hydrogen bonding interactions occur within a fluid they dominate over other intermolec- 
ular interactions and have a considerable effect on the microscopic properties (molecular 
structure) and macroscopic (thermodynamic) properties of the fluid and their mixtures. 
The effective molecular properties of the complexes formed due to association, i. e. size, 
energy and shape, are very different from those of the monomers and hence the bulk prop- 
erties of the fluid are also very different. For example water has a much higher boiling 
point than neon, which is approximately the same mass and size as water. In fact, if it 
were not for the molecular clusters formed due to hydrogen bonding, water would be a gas, 
not a liquid, at room temperature and atmospheric pressure. In mixtures hydrogen bond- 
ing interactions can occur between like molecules (self-association) and unlike molecules 
(cross-association). Like and unlike association interactions in mixtures can have a large 
effect on phase behaviour. For example, a mixture containing a strongly self-associating 
component and a non-associating component will typically exhibit liquid-liquid immisci- 
bility, as in the case of hydrogen fluoride and propane (Chen et al., 1994). Since hydrogen 
bonds can be broken fairly easily, the effects of hydrogen bonding usually decrease with 
increasing temperature, where the kinetic energy of the molecules is sufficient to break the 
`weak' association bonds. 
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Conventional approaches to modelling thermodynamic properties, such as cubic equations 
of state and activity coefficient models are not able to capture the anomalous behaviour of 
associating fluids without the introduction of large temperature dependent binary interac- 
tion parameters, or complex or unphysical mixing rules. In addition, the predictive ability 
of these approaches, with regard to associating fluids, is usually poor. Therefore special 
treatment is required to model the associating interactions in complex associating fluids. 
In the next section, three different thermodynamic approaches to modelling associating 
systems are discussed. 
2.3 Thermodynamic models for associating fluids 
Following the reviews of Economou and Donohue (1991,1996) and Müller and Gubbins 
(2001), theoretical approaches of association for associating fluids are categorised as chemi- 
cal, quasi-chemical and thermodynamic perturbation theories, depending on how hydrogen 
bonding is described. This section concludes with an overview of the three approaches. 
To aide in the comparison of the three approaches the equivalence in analytic expressions 
for the fraction of monomers (nl/no), where nj is the number of monomer molecules and 
no is the total number of molecules, and the residual contribution of the compressibility 
factor due to association interactions (Za39O°) are shown, following the original derivation 
by Economou and Donohue (1991). 
2.3.1 Chemical theories 
Chemical theories are based on the assumption that when molecules hydrogen bond the 
monomers react to form new species, these clusters or aggregates are commonly known as 
oligomers. It is assumed that the oligomers have essentially the same molecular properties 
as the constituent monomer species. Most models also assume that the size parameter of 
the oligomer varies linearly with oligomer size, therefore no additional parameters apart 
from size are needed to describe the oligomers. The apparently anomalous behaviour of 
associating systems is ascribed to a change in chemical composition. 
In simple chemical theories it is assumed that molecular interactions are due solely to 
hydrogen bonding, hence the mixture is modelled as an ideal gas or ideal solution of 
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different oligomers. This was the case in the first chemical theory proposed by Dolezalek 
(1908), which was used for example by Prigogine et al. (1954) to model binary systems 
containing alcohols. 
At conditions where `physical' forces must also be taken into account chemical theory can 
easily be extended by relaxing the constraint of only considering ideal gases and ideal solu- 
tions. In this case chemical and phase equilibria equations are solved simultaneously and 
a more realistic thermodynamic model is assumed to represent the physical interactions. 
The solution of chemical and phase equilibrium is obtained typically through trial-and- 
error numerical procedures. For example in the work of Wenzel et al. (1982), an iterative 
procedure was followed to obtain models for pure, binary and ternary systems that con- 
tained at least one associating compound. A van der Waals type equation of state was 
used to represent physical interactions. In Wiehe and Bagley (1967) hydrogen bonding in 
alcohol and inert solvent solutions was accounted for using chemical theory coupled with 
a Gibbs free energy model, again solved by a trial-and-error method. 
As an alternative to the trial and error approach Heidemann and Prausnitz (1976) showed 
that it was possible to solve the chemical equilibria analytically and so obtain a closed- 
form equation of state incorporating association. They combined a van der Waals type 
equation of state with an infinite chemical equilibrium scheme and derived a closed form 
equation of state for pure associating systems. 
Since the first closed-form equation of state of Heidemann and Prausnitz (1976) a num- 
ber of other equations of state incorporating chemical theory to account for hydrogen 
bonding interactions have been presented. The main differences in these approaches 
are in the equation of state used to describe physical interactions and the association 
scheme proposed. Ikonomou and Donohue (1986) presented APACT (Associated Per- 
turbed Anisotropic Chain Theory) in which the non-cubic equation of state PACT (Vi- 
malchand and Donohue, 1985) accounted for physical interactions and an infinite equilib- 
rium model or monomer-dimer model accounted for hydrogen bonding interactions. Each 
pure component model contains five adjustable parameters; standard enthalpy and entropy 
of association AH* and AS* (defined for the formation of a dimer in equations (2.1) and 
(2.2)), a characteristic energy parameter T*, a characteristic size parameter v* and the 
number of degrees of freedom c. These are obtained by fitting to saturated vapour pressure 
and liquid density data. In addition the dipole moment and polarisability are required. 
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APACT was extended to mixtures in Ikonomou and Donohue (1988), where the results of 
binary mixtures of alcohols were presented. Anderko (1989a) used the same association 
scheme to account for chemical interactions, but using the cubic equation of state from Yu 
et al. (1987) to account for physical interactions. The model contains six parameters for 
each associating species; the standard enthalpy and entropy of association AH* and AS*, 
the standard heat capacity ACp, the critical temperature 71-, the critical pressure P, and 
acentric factor w' of a model compound with physical interactions identical with those 
in the associated substance but not having the capability to form associates. Chemical 
theories are a popular approach to modelling hydrogen fluoride, in section 4.2.1 chemical 
theories proposed to model hydrogen fluoride are reviewed. 
The key to chemical theories is that the types of oligomers formed is specified a priori 
via a chemical equilibrium reaction scheme. Typically the equilibrium constant, governing 
the chemical reaction, is treated as an adjustable parameter and obtained by fitting to 
vapour-liquid equilibrium data. The simplest association scheme that can be proposed 
is dimerisation, where two monomers react to form a dimer according to the chemical 
reaction 
Al + Al -- A2. (2. i) 
The equilibrium constant (K) that describes this association scheme is (Economou and 
Donohue, 1991) 









where P is pressure, qa and zi are the fugacity coefficient and mole fraction of the monomer 
and dimer species respectively, R is the universal gas constant, T is temperature and OH* 
and AS* are the standard enthalpy and entropy of association respectively. Experimental 
values of OH* and AS* can be derived from spectroscopic data. However, there is signif- 
icant uncertainty surrounding the interpretation of absorption peaks and the values are 
normally fitted to experimental VLE data. 
Although such an association scheme is reasonable for systems such as acetic acid, NO 
and NO2, more complex association schemes are required to describe other associating 
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molecules such as alcohols, water and hydrogen fluoride. For example, an infinite equilib- 
rium scheme could be proposed to account for the formation of linear chains (Economou 
and Donohue, 1991) 
Al + Al A2 
Al + A2 = A3 (2.3) 
Al + Ai -- Ai+l 
With each additional chemical equilibrium reaction an additional equilibrium constant 
must be defined. Heidemann and Prausnitz (1976) assumed that the equilibrium constant 
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(2.4) 
In most chemical approaches the formation of cyclic complexes are not considered as this 
greatly increases the complexity of the calculations. However, as reviewed by Liddel and 
Becker (1957) in the case of alcohols there is great debate in the literature as to whether 
linear or cyclic complexes form. As reviewed in section 4.2.1 there is similar controversy 
surrounding the types of HF oligomers formed. 
There are a number of limitations in the chemical approach. Firstly, the approach has 
limited predictive value, since all the reactions involved in association must be known a 
priori and there is often a great deal of uncertainty in the association scheme proposed. 
Secondly, the equilibrium constants describing the chemical reactions must be measured 
or predicted as a function of temperature. Finally, as the number of different oligomer 
species formed by each component and the number of associating components in a mixture 
increases the problem becomes increasingly cumbersome to solve. Additionally, arbitrary 
separation of the chemical and physical interactions can be thermodynamically incon- 
sistent, as discussed in the work of Economou and Donohue (1992) and Anderko et al. 
(1993). 
In the remainder of this discussion on chemical theories analytic expressions for the fraction 
of monomers (ni/no) and the residual contribution to the compressibility factor due to 
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association (Za99°c) are derived following Economou and Donohue (1991). The formation 
of linear chains according to an infinite equilibrium scheme (cf. equation 2.3) is first 
considered. For linear chains the total number of species (nT), referred to as the true 
number of moles by Economou and Donohue (1991) and the number of moles that would 
exist in the absence of association, the total number of molecules (no), are defined as 
00 





no = nl + 2n2 + 3n3 +"""+ in1 =Eint, (2.6) 
i 
where n1 is the number of molecules of a given i-mer. The mole fraction of a given i-mer 
(zi) is 
ni 
zi=- . nT 
(2.7) 
From a mass balance it can be shown that the total number of species (nT) and the total 





where nT/no is a measure of association, equal to one in the absence of association and 
less than one for associating systems. Now consider the equilibrium constant defined by 
equation (2.4). In the equation of state proposed by Heidemann and Prausnitz (1976) 
and in APACT it is assumed that the equilibrium constant is independent of the degree 
of association. This simplification means that 
K2=K3= =Ki. (2.9) 
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In order to evaluate the equilibrium constant it is necessary to calculate the fugacity 
coefficient, which in terms of independent variables volume and temperature is given as 






")TV, n, ;V 
dV-1nZ. (2.10) 
where V is the total volume'and Z is the compressibility factor. 
An equation of state must be assumed in order to evaluate the partial derivative (äP/änß) 
in equation (2.10). For example, Heidemann and Prausnitz (1976) assumed the Carnahan 
and Starling equation of state (Carnahan and Starling, 1969), and they obtained the 
following expression for the ratio Polka/fit+1 
P_i_i 
- 
nT RTp exp(6), Oi+l no (2.11) 
where p is the molar density (inverse of molar volume) and 0 is a function of density, 
representing the residual contribution to the Helmholtz free energy. The functional form 
of 0 depends on the equation of state used to calculate the fugacity coefficient and the 
expressions used to calculate the equation of state parameters for the associating species 
from the parameters of the monomer species. Equation (2.11) can be substituted into 
(2.4) to obtain the following expression for zi in terms of zl 
(K! 1RTP zi = exp(O) 
i -i 
I zl. (2.12) 
no 
Equation (2.12) can then be substituted back into the mass balance, equation (2.8), to 
give 
00 no 
= ýi I K! 2 RTp exp(B)) zi* nT no 
(2.13) 
If the constraint that the sum of the mole fractions must equal 1 (I: i° zi = 1) is also written 
in terms of the expression for mole fraction obtained in equation (2.12), the following 
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equation is obtained 
00 \i-i (K!! 2RTP exp(O) I zi = 1. 
no i 
(2.14) 
If equations (2.13) and (2.14) are solved simultaneously the following expression is obtained 
for zi 
nT 2 2.1 zl 
no 1+1 44KRTp exp(O)' 
( 5ý 




no 1+ 2KRTp exp(6) + 1-I- 4KRTp exp(O) 
() 
Equation (2.16) represents the fraction of monomers obtained if an infinite equilibrium 
scheme with equilibrium constants that are independent of the degree of association are 
assumed. In approaches based on the intermolecular model of Wertheim this would be 
equivalent to the fraction of molecules not bonded at both sites a and b (XaXb) for a 
two-site model. 
An equation of state obtained from the chemical approach can also be written in terms of 
the compressibility factor. The residual contribution to the compressibility factor due to 





For a molecule with two sites nT/no = (nl/no)1/2 and so the resulting expression for the 





pKRT exp(O). (2.18) 
A dimerisation equilibrium scheme, as in equation (2.1), is equivalent to a one-site model 
in Wertheim approaches. The equilibrium constant is represented by equation (2.2). A 
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similar methodology as described for an infinite association scheme results in the following 
analytic expression for the fraction of monomers (nl/no) and the residual contribution to 
the compressibility factor due to association Z"I" 
(2 19 2-1) 
no no 1+1+ 8KRTp exp(O) 
Zassoc = 
nlýno 2 (21) 
pKRT exp(O). (2.20) 
on 
To summarise, in chemical theories it is assumed that association of monomer species 
results in the formation of new associated species. The type of associating species formed 
are defined through an association scheme that must be specified a priori. The degree of 
association is determined by the enthalpy and entropy of association, which are related 
to the equilibrium constant. Additional parameters are also required to describe the 
system. Due to the uncertainties in the association scheme proposed and the need to 
adjust the equilibrium constant of the association scheme chemical theories tend to have 
little predictive value. 
2.3.2 Quasi-chemical theories 
Lattice theory provides the basis of quasi-chemical approaches. In cell lattice theories it is 
assumed that every cell in the lattice is occupied. In such a scenario pressure effects cannot 
be taken into account and hence only liquids can be modelled. However, in hole or lattice- 
gas theories it is assumed that some of the cells in the lattice are vacant, allowing both 
liquids and gases to be modelled by lattice-gas theories. One of the best-known lattice- 
gas fluid theories is the Sanchez-Lacombe equation of state (Sanchez and Lacombe, 1976; 
Lacombe and Sanchez, 1976). The assumption in lattice theories is that the arrangement 
of molecules in the lattice is completely random and that the interactions between like and 
unlike molecules are the same. Strictly, only an ideal mixture can be completely random. 
The number of pairs (nab) containing a molecule of type a and a molecule of type b is 
given by 
nab = nanb (2.21) 
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where na and nb are the number of molecules of type a and b. 
In the quasi-chemical lattice approach, originally proposed by Guggenheim (1935), it is 
postulated that non-idealities in fluids could be assigned to the existence of non-random 
mixing at the molecular level. Rushbrook (1938) later revised and extended the quasi- 
chemical approach by Guggenheim (1935) using methods developed by Bethe (1935) for 
the theory of superlattices in metallic alloys. A generalised account of quasi-chemical 
theory can be found in Barker (1952). Associating systems should be well described by 
quasi-chemical theories, since strong interactions due to hydrogen bonding bias the random 
mixing found in simple systems. In quasi-chemical theories, non-randomness is accounted 
for by assigning large energy parameters between adjacent sites on a lattice to represent 
the actual association interactions. Hence, the number of pairs na, b containing a molecule 
of type a and a molecule of type b in the lattice is given by 
nab = nanb exp(-Uab/kT) (2.22) 
where Uab is the strength of the interaction between molecules of type a and b, k is 
Boltsmann's constant and T is temperature. 
Unlike chemical theories, where the number of oligomer species are counted, in quasi- 
chemical theories it is the number of hydrogen bonds that are counted. It should also be 
noted that hydrogen bonding is not distinguished from other intermolecular interactions 
such as polar forces and so is not treated explicitly in the resulting equation of state. 
An extensive review of the quasi-lattice approach can be found in Smirnova and Victorov 
(2000). 
Early attempts to incorporate the quasi-chemical approach into a lattice gas theory for 
chain molecules was proposed by Panayiotou and Vera (1981) and Panayiotou and Vera 
(1982). According to Smirnova and Victorov (2000), the most general version of the quasi- 
chemical lattice gas theory developed was the hole group contribution model by Smirnova 
and Victorov (1987), in which orientational effects are accounted for by the quasi-chemical 
approximation. A number of non-polar, polar and associating systems are modelled using 
this approach. The model is formulated in terms of a group contribution method, thus 
increasing its predictive capability. Under certain conditions it reduces to a lattice gas 
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equation of state, such as the Sanchez-Lacombe equation of state (Sanchez and Lacombe, 
1976; Lacombe and Sanchez, 1976). 
A limitation of quasi-chemical theories is that they cannot easily be solved analytically and 
therefore they are not implicit in their general form. As stated by Panayiotou and Vera 
(1981) effort was required to improve the numerical methods needed for the solution of the 
non-linear equations obtained from the quasi-chemical approach. Accordingly Mickeleit 
and Lacmann (1983) proposed a special technique in which the solution of the set of non- 
linear quasi-chemical equations could be written as a Taylor series expansion, leading to 
an explicit equation of state. This has lead to the publication of a number of explicit 
quasi-lattice theories. 
The first explicit quasi-chemical equation of state was developed by Kumar et al. (1987). 
Four parameters were required to describe a pure component, these were lattice coor- 
dination number, lattice unit cell size, specific volume of system and interaction energy 
between molecule segments. The first two parameters were specified and the latter two 
temperature-dependent parameters were obtained from parameter estimation. Pure com- 
ponent parameters for a number of common chemicals including water, alcohols and long- 
chain alkanes were presented. Kumar et al. (1987) also obtained expressions for multi- 
component mixtures and presented results for binary mixtures of small molecules and 
also molecules of different sizes using a single binary interaction parameter, which was 
temperature-dependent for some systems. Their theory differs from later equations of 
state since they assume complete randomness of the vacant sites. You et al. (1994a) 
presented an explicit quasi-chemical equation of state to model the non-randomness of 
pure components, where the vacant sites were also treated as non-random. The'model 
required the same four molecular parameters as the model of Kumar et al. (1987). You 
et al. (1994a) parameterised 211 pure components, again specifying the former two param- 
eters and obtaining the remaining two temperature-dependent parameters, each written 
in terms of 3 coefficients, from vapour pressure and saturated liquid density data for sub- 
critical systems. In You et al. (1994b) they extended the theory to mixtures and presented 
results of vapour-liquid, liquid-liquid and solid-liquid phase behaviour of 26 binary mix- 
tures, where one or more of the components were complex or polar, using a single binary 
interaction parameter. 
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In Panayiotou and Sanchez (1991a) lattice fluid theory has been combined with the chem- 
ical approach detailed in section 2.3.1. The chemical approach describes the formation 
of association complexes due to hydrogen bonding. As in the traditional chemical ap- 
proach, it was the type and distribution of oligomers formed as opposed to the strength 
and number of site-site interactions that describe association. A linear self-association 
model was assumed to represent the interactions between solvent molecules and a lin- 
ear cross-association model was assumed to describe the formation of complexes between 
the solvent and polymer molecules. The Sanchez-Lacombe (Sanchez and Lacombe, 1976; 
Lacombe and Sanchez, 1976) lattice fluid theory was used to describe the physical inter- 
actions between the complexes. The approach was illustrated by successfully modelling 
the heats of mixing, volumes of mixing and vapour pressures of chloroform + polyether 
systems. 
An intermediate between the chemical and quasi-chemical approach was proposed by 
Panayiotou and Sanchez (1991b). In their work, they again split the thermodynamic 
functions into chemical and physical contributions, as in chemical theory. The physical 
interactions were represented by a lattice fluid theory. The chemical part was described 
by statistical mechanical arguments instead of empirical values of association constants re- 
quired in the chemical approach used in Panayiotou and Sanchez (1991a). The statistical 
mechanical arguments, originally proposed by Veytsman (1990), consider the probability 
of the formation of hydrogen bonds between proton acceptors and donors. This is known 
as the Sanchez-Lacombe-Panayiotou (SLP) equation of state. Good results were obtained 
with the SLP equation of state for self-associating solvents (alkanols + alkanes), polymer 
+ solvent systems and polymer + polymer systems. While this approach divides inter- 
molecular interactions into chemical and physical contributions and therefore shows some 
similarity to the chemical approach, it does not invoke the existence of association com- 
plexes. Hence, the SLP equation of state has been classified as a quasi-chemical approach 
by Economou and Donohue (1991) and Smirnova and Victorov (2000). 
At this point it should also be noted that quasi-chemical theory is the basis of many 
liquid activity coefficient models such as the Non-Random Two-Liquid (NRTL) model 
(Renon and Prausnitz, 1968), UNlversal QUAsi-Chemical (UNIQUAC) model (Abrams 
and Prausnitz, 1975) and predictive group contribution methods such as UNIversal Func- 
tional Activity Coefficient (UNIFAC) model (Fredenslund et al., 1975; Fredenslund et al., 
1977) and Analytical Solution Of Groups (ASOG) model (Redlich et al., 1959; Papadopou- 
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los and Derr, 1959; Wilson and Deal, 1962; Wilson, 1964; Derr and Deal, 1969). Liquid 
activity coefficient models are suitable for modelling liquid mixtures of normal, polar and 
associating mixtures below the critical temperature. However, since liquid activity coeffi- 
cient models are based on lattice theory, they are not practical to model the entire fluid 
range, i. e. the liquid and vapour phase. To model vapour-liquid equilibrium an equation 
of state is required to describe the vapour phase. This leads to inconsistencies around 
the critical point. In addition, strongly associating compounds, such as HF, associate in 
both the liquid and vapour phase. Therefore, the equation of state describing the vapour 
phase would also need to treat hydrogen bonding explicitly. It is generally accepted that 
it would be better to use equations of state, valid over the entire fluid range, to model 
vapour-liquid equilibrium of associating systems. 
In the remainder of this discussion on the quasi-chemical approach analytic expressions 
for the fraction of monomers and residual compressibility factor due to association for the 
SLP (Panayiotou and Sanchez, 1991b) equation of state are reviewed. These expressions 
were derived by Economou and Donohue (1991) and Panayiotou and Sanchez (1991b). 
In the SLP equation of state Panayiotou and Sanchez (1991b) assumed that interactions 
could be divided into contributions due to physical and chemical interactions. Hence they 
wrote the partition function (Q) as a product of these contributions 
QphysQassoc. (2.23) 
The physical term was obtained from the Sanchez-Lacombe equation of state. The as- 
sociation term was obtained by evaluating the total number of ways of distributing the 
hydrogen bonds among the different functional groups of the system by preserving the 
total hydrogen bonding energy. At this point it should be noted that in the SLP equa- 
tion of state a distinction is made between proton donor and proton acceptor groups. 
Panayiotou and Sanchez (1991b) obtained the following expression for the contribution to 
the partition function due to chemical interactions 
assoc lNH 
n Nd! 11 NQ! mn exp(-OGö330'/RT) Q (2.24) CrN/ lil Nip! 1; 1 Nod! 1I 
I 
Nij! 
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where rN is the total number of molecular segments in the system, NH is the total number 
of hydrogen bonds, Nä, Nä are the total number of donor groups of type i and acceptor 
groups of type j respectively, Nzo, Nod are the total number of unbonded donor groups of 
type i and unbonded acceptor groups of type j respectively, AGossoC is the total Gibbs 
free energy of hydrogen bonding and Nth is the total number of hydrogen bonds between 
donor group of type i and acceptor group of type j. 
From mass balance equations they define the number of unbonded donors of type i and 
unbonded acceptors of type j. In SLP it is the number of hydrogen bonds that are 
calculated, as opposed to the chemical approach where the number of associating species 
are calculated, they could still obtain the measure of association nT/no for chain molecules. 
It should be noted that noncyclic species were again not considered. By minimising the 
Gibbs free energy with respect to the total number of hydrogen bonds between donor 
group of type i and acceptor group of type j Panayiotou and Sanchez (1991b) obtained 
general expressions from which the measure of association nT/no could be computed. For 
a two-site system they then obtained the fraction of monomers, which is equal to the 
probability of finding a molecule with both sites unbonded, given by 
nl nTl 22 
no - 
(no) 
1+ 2Kpv*/r +1+ 4Kpv*/r' 
(2.25) 
where K= exp(-OGii9OC/RT) is defined as the equilibrium constant for hydrogen bond- 
ing formation and v* is a characteristic volume. 
The residual contribution to the compressibility factor due to association interactions is 







Since in the SLP formalism a distinction between proton donor and proton acceptor sites 
must be made, only models containing two sites or more are considered. The formation 
of dimers from models containing one site is not possible. 
To summarise, the quasi-chemical approach is based upon lattice-gas fluid theory. It differs 
from the chemical approach in that it is the number of hydrogen bonds, as opposed to the 
type and distribution of association complexes, that determine the extent of association. 
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2.3.3 Thermodynamic perturbation theories 
As an alternative to chemical and quasi-chemical approaches, methods based firmly in sta- 
tistical mechanics can be used to model associating fluids. Two approaches can be taken, 
integral equations or thermodynamic perturbation theories (TPT). In both approaches a 
potential model is used to mimic hydrogen bonding. In TPT, as in other perturbation 
theories, a reference fluid with well-known properties is considered, and the energetic con- 
tributions due to association are obtained via a thermodynamic perturbation expansion. 
Andersen (Andersen 1973,1974) was one of the first to tackle the statistical mechanics of 
highly directional hydrogen bonding fluids. One of the key points of his work was that 
he introduced the geometry of the interaction at an early stage. He represented hydrogen 
bonding as a short-range, highly directional attractive site embedded in a repulsive core 
and proposed a cluster expansion in terms of the total singlet number density p. Since 
the attractive sites were short range and highly directional the repulsive cores restricted 
the system so that only one bond could be formed at each attractive site. This led to a 
number of graph cancelations, greatly simplifying the problem. Chandler and Pratt (1976) 
proposed a simpler and more effective expansion in terms of fugacity, which resulted in 
further graph cancelations. Hoye and Olaussen (1980), developing and supplementing 
the work of Andersen, proposed a renormalised perturbation expansion in terms of the 
monomer densities, as opposed to the total density. 
The multi-density formalism was a key concept in the seminal work by Wertheim (Wertheim 
1984a, 1984b, 1986a, 1986b). He developed a reformulation of the statistical thermodynam- 
ics for systems of molecules with highly directional attractive forces, where the total num- 
ber density (p) is given as an expansion of the monomer number density (po) and the 
number density of monomers not bonded at site a (pa). Wertheim assumed a model fluid 
of hard repulsive cores with a number of embedded attractive sites, where the repulsive 
contribution was taken to be the reference fluid. In Wertheim (1984a) and Wertheim 
(1984b) molecules with one attractive site, associating to form dimers, were considered. 
The theory was extended to molecules with two or more attractive sites associating, to 
form higher i-mers, in Wertheim (1986a) and Wertheim (1986b). Specifying the number 
of sites dictates the types of aggregates that can form. This is equivalent to specifying the 
association scheme in chemical theories. 
ýýý 




Figure 2.2: Steric incompatibilities assumed in the thermodynamic perturbation theory of 
Wertheim, as shown in Jackson et al. (1988). (a) the repulsive cores of the molecules prevent 
more than two molecules bonding at a given site, (b) one site on a molecule cannot bond simulta- 
neously to two sites on another molecule, (c) double bonding between molecules is not allowed. 
As in the work of Andersen (Andersen 1973,1974), the geometry of the interactions were 
introduced at an early stage, leading to a number of steric incompatibilities that simplified 
the problem. The types of bonding not allowed are illustrated, as shown by Jackson et al. 
(1988), in figure 2.2. Firstly, bonding cannot occur between three molecules, since the 
repulsive cores of molecules 1 and 2 prevent molecule 3 coming sufficiently close to form a 
bond with either of the sites on the other two molecules. Secondly, a site on one molecule 
cannot bond simultaneously with two sites on another molecule. Thirdly, double bonding 
between molecules in not allowed. 
There are two key deficiencies of TPT as presented by Wertheim and Jackson et al. (1988) 
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that must be mentioned. Firstly, only linear and branched chain aggregates have been 
considered, the formation of ring aggregates has been neglected. This is typically a realis- 
tic assumption since chain aggregates are formed preferentially over rings due to entropic 
reasons. Secondly, in the theory, at the first order of approximation (TPT1) the formation 
of aggregates is independent of the angles of the vectors between the centre of the hard 
core and the attractive sites. Hence the steric hindrances of branched structures have been 
neglected. The inclusion of ring structures can be accounted for by including the number 
density of ring structures in the resummation of the total number density, as has been done 
in the work of Sear and Jackson (1994a). In Wertheim (1987) a second order thermody- 
namic perturbation theory (TPT2) was developed, which considered cases where bonding 
at one sites blocks bonding at another site. The resultant thermodynamic expressions 
derived are dependent on bond angles. An advantage of thermodynamic perturbation 
theories is that they can be tested against molecular simulations and improvements can 
be made to the theory where necessary. Jackson et al. (1988) compared TPT1 and TPT2 
to molecular simulation data. They showed that there was only a small improvement 
in calculations using TPT2 and concluded that the significant increase in complexity of 
calculations using TPT2 did not justify the small improvement to the theory. 
The thermodynamic perturbation theory of Wertheim forms the basis of the association 
term in the statistical associating fluid theory (SAFT). Jackson et al. (1988) presented 
equations to calculate the contribution to the Helmholtz free energy due to association for 
spherical molecules with multiple bonding sites. In Chapman et al. (1988) the theory was 
extended to chain molecules with multiple bonding sites. The statistical associating fluid 
theory (SAFT) was first presented in Chapman et al. (1989) and Chapman et al. (1990). 
In SAFT molecules are modelled as chains of tangentially bonded spherical segments 
embedded with attractive sites to facilitate association. A minimum of five parameters 
are required to describe an associating molecule. These are the aspect ratio of the chain 
molecule, the size of the spherical monomer segment, the strength of dispersion interactions 
and the strength and range of association interactions. The SAFT model and physical 
meaning of the parameters are discussed further in section 2.4.1. Since the first SAFT 
equation of state was presented many variations have been published in the literature. A 
brief overview of the different versions is given in section 2.4.2. 
In the remainder of this section expressions for the fraction of monomers and the residual 
contribution to the compressibility factor due to association Zd98OC will be derived as 
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presented in Jackson et al. (1988) and Economou and Donohue (1991). As already 
mentioned in thermodynamic perturbation theories a potential model is used to mimic 
hydrogen bonding. The molecules are modelled as a reference fluid of repulsive cores with 
embedded attractive sites. The pair potential function between molecules 1 and 2 q(12) 
can be written as (Jackson et al., 1988) 
q5(12) = cR(12) + 1: cbab(rab), (2.27) 
aEr bEr 
where 
rab = r2 + db(W2) - ri - da(wi) (2.28) 
is the vector connecting site a on molecule 1 with site b on molecule 2, r; is the position 
vector of the centre of molecule i, w; is its orientation, da is the vector from the molecular 
center to site a and the notation (12) represents the positions and orientations of molecules 
1 and 2. The potential 0(12) is written as the sum of the contribution due to repulsive 
interactions of two hard cores OR(12) and the attractive site a- site b interaction cbab(rab)" 
The attractive hydrogen-bonding potential ¢ab(rab) is represented by a square-well po- 
tential with an energy depth of -Cab. a and b are attractive sites on molecules 1 and 2 
respectively, r is the set of all independent attraction sites on each molecule. A schematic 
of the vector connecting site a on molecule 1 and site b on molecule 2 is shown in figure 
2.3a. The repulsive portion of the potential OR(12) and the attractive site - site potential 
are shown in figure 2.3b. 
Using this potential model with a hard-sphere reference system Wertheim developed the 
first order thermodynamic perturbation theory (TPT1). As already mentioned in TPT1 a 
number of steric incompatibilities are assumed (figure 2.2), which allows only the forma- 
tion of a single bond at a given site. Docherty and Galindo (2006) performed molecular 
simulations that confirmed that multiple bonds form for larger ranges of association in- 
teractions often found in published SAFT models. They showed that phase behaviour 
obtained from simulation and theory differed significantly. However, they concluded that 
the assumption of single bond formation in TPT was successful as it was consistent with 
experiment, in which only a' single hydrogen bond can form between an electronegative 
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(a) (b) 
OR 0a 
Figure 2.3: Intermolecular potential model for associating hard cores with one association site 
(labelled a and b). In figure (a) a schematic of the model molecules with sites at distance given by 
the vector da and db from the centre of the hard core and cut-off range r, - 
is shown. In figure (b) 
the spherically symmetrical repulsive potential ¢R(12) and site-site square-well potential 0ab(rab) 
used in this work are shown. 
atom and a hydrogen. For a pure component system with s directional attractive sites 
the difference in the Helmholtz free energy between the associating fluid and the reference 






where Xa is the fraction of molecules not bonded at site a, N is the total number of 
molecules, T is the temperature and k is Boltzmann's constant. The summation is per- 
formed over all sites a in the set IF, s sites in total. The fraction of molecules not bonded 
at site a is obtained from the mass action equation 
1 
X. _1+ EbEr pXbOab 
(2.30) 
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where p is the total number density, Xb is the fraction of molecules not bonded at site b. 
The function Dab characterises the association between site a and site b on two different 
molecules, defined as 
Dab = fYr(12)fab(12)d(12). (2.31) 
The integration is performed over all orientations and separations of molecules 1 and 2. 
gr(12) is the reference fluid pair correlation function and fab(12) is the Mayer f-function, 
which is defined as 
fab(12) = exp[- qiab(rab)/kT] - 1. (2.32) 
If a hard sphere reference fluid is assumed Dab can be written as an integral over r12, the 
distance between the centre of molecules 1 and 2 (Jackson et al., 1988) 
Aab = 47r i 9HS(r12) < fab(12) >w1, w2 ri2dri2 (2.33) 
where < fab(12) >Wl, W2 represents an angle average of the site-site Mayer f-function over 
all orientations of molecules 1 and 2. 
In order to evaluate Dab for a hard sphere reference system the hard sphere radial distri- 
bution function in the range where bonding occurs must be known. Jackson et al. (1988) 
proposed and validated an assumption that r12gHS(r12) is constant and equal to the value 
at contact 729HS(cT) over the short range of the site-site potential. This is a reasonable 
assumption for hydrogen bonding systems, which can be modelled by short range highly 
directional potential models, and is applicable over the entire density range. The associa- 
tion function Dab can now be evaluated and written in terms of the association strength 
cab and bonding volume Kab 
Dab = 47r9HS(7)Kab[eXP(fablkT) - 1) (2.34) 
where gHS(Q) is the pair correlation function of the hard sphere reference fluid at contact. 
The volume available for bonding Kab is given by (Jackson et al., 1988; Chapman et al., 
1988; Galindo et al., 2002) 
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(2.35) 
where a is the diameter of the segment, r, is the cut-off range of association interactions, 
rd is the distance between the centre of the spherical segment and the site. The latter 
two parameters can be written in terms of reduced units; r* = r/Q and rd = rd/Q. 
The subscript ii denotes pure component interactions describing interactions between a 
monomer of type i with another monomer of type i. 
If the Carnahan and Starling (Carnahan and Starling, 1969) equation of state is assumed 
to represent the reference fluid of hard spheres then the pair correlation function can be 
written as 




where i is the reduced density (77 =1 pmv3) 
To aid in the comparison of the different approaches to modelling hydrogen bonding it is 
useful to write the contribution to the compressibility factor due to association Za880c, 
Zassoc _ 77 
a 
577a 
/ TN \Ma-2 
(2.37) 
E 
It should be noted that an alternative expression for ZQ93OC exists, which is numerically 
easier to solve since it does not involve derivatives of the fraction of monomers not bonded 
at site a. The expression is given by Michelsen and Hendriks (2001) as 




- Xa), (2.38) PJa 
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where p is density, g is the pair correlation function, which is density dependent, and Xa, 
is the fraction of monomers not bonded at site a. An equivalent expression has also been 
derived by Yakoumis et al. (1998), based on the cluster partition function approach of 
Hendriks et al. (1997). However, here the expression for Zas91c given by equation (2.37) 
is used. 
For a system of monomers with 1 attractive bonding site a, the fraction of molecules 
not bonded at site a (Xa) also represents the mole fraction of monomers, Xa = nl/no. 





which solves to give 
ni 2 (2.40) 
no 1+1+ 4p ab 
To obtain an expression for the contribution to the compressibility factor due to association 
(Zd99OC) the derivative [OXa/Or1]T, N must be obtained from algebraic manipulation of 
equation (2.40). This results in the following expression for Zassoc for molecule containing 
one site 
assoc _-22+ 




For a system with two attractive sites per molecule, a and b, the mass action equation 




For X. = Xb, equation (2.42) is the same as equation (2.39) and so the analytic expression 
for the fraction of molecules not bonded at site a is given by 
2 
(2.43) Xa 
1+ 1+1-4p nb 
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However, for a two-site model, Xa is not equal to the fraction of monomers nl/no. TPT1 
assumes that the activity of one bonding site on a molecule is independent of bonding to 
all other sites on the same molecule. Therefore, the fraction of monomers for a two-site 
system, is essentially the fraction of molecules not bonded at both site a and site b, given 
by 
nl 2 
no = XaXb =1+ 2p1ab -I- 1-I- 4p ab 
(2.44) 
The contribution to the compressibility factor due to association is obtained from equation 
(2.37). Algebraic manipulation results in the following expression 
Zassoc ni PDab 
2+ 277 - 772 (2.45) 
no 2-3ii+772 
To conclude, the TPT1 derived by Wertheim has a firm basis in statistical mechanics. 
Hydrogen bonding is represented by a potential model consisting of a reference repulsive 
fluid and an attractive term representing the short range directional interaction between 
two attractive sites. TPT1 forms the basis of the association term in the SAFT family of 
equations. 
2.3.4 Overview of approaches to modelling associating fluids 
In chemical theories the complexes formed due to association interactions are treated as 
new species. An association scheme is proposed a priori and the equilibrium constant, 
which determines the degree of association, is typically obtained empirically, thus limiting 
the predictive capability of this approach and complexity of systems that can be treated. 
In quasi-chemical approaches it is not the number of oligomer species that is counted, but 
instead the number of hydrogen bonds formed. In thermodynamic perturbation theories a 
potential model is used to describe hydrogen bonding. The number of sites that the. model 
contains dictates the type of aggregates that can form. For example in a one-site model 
dimers form, two sites result in linear chains and three sites result in branched chains. 
Specifying the number of sites in TPTs is equivalent to specifying the association scheme 
in chemical theories. 
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An advantage of TPT over chemical theory is that it is not necessary to know or guess all 
the oligomers formed and incorporate them into an association-reaction scheme. Further- 
more it is not necessary to obtain empirical temperature-dependent equilibrium constants 
for the equilibrium reactions. Instead the bonding volume and potential depth for the 
association interaction are determined by comparison with experiment (typically these 
are temperature-independent, as corresponds to an intermolecular potential). Since the 
theory behind TPTs is firmly based in statistical mechanics they have a high predictive 
capability. In addition, any approximations that have been made can be tested against 
molecular simulations. 
As discussed in Economou and Donohue (1991) there are two opposing points of view with 
regard to chemical theories and thermodynamic perturbation theories. Thermodynamic 
perturbation theories are a rigorous approach, based on statistical mechanical theory. 
However, they are written in terms of quantities (potential strength Cab and volume avail- 
able for bonding Kab) that cannot be measured. While the other approaches tend to be less 
rigorous in their theoretical approach, they can be related to experimentally measurable 
quantities, standard enthalpy and entropy of association. As a result chemical approaches 
are often preferred. 
The physical assumptions and mathematical basis of chemical, quasi-chemical and ther- 
modynamic perturbation theories are quite different. Therefore one would expect each 
approach to behave differently. Elliott et al. (1990) were the first to show that chemical 
theories and thermodynamic perturbation theories are numerically equivalent. Subse- 
quently Economou and Donohue (1991) showed that when chemical, quasi-chemical and 
thermodynamic perturbation theories were applied with equal rigour the analytical ex- 
pressions for the fraction of monomers (ni/no) and the residual contribution to the com- 
pressibility factor due to association interactions (Za39OQ) are of the same analytical form. 
They derived expressions for pure components with one site (where applicable) and two 
sites. Some of the derivations and expressions from Economou and Donohue (1991) have 
been presented in subsections 2.3.1, '2.3.2 and 2.3.3. The expressions are summarised in 
table 2.1. 
From the expressions in table 2.1 it can be seen that there is an explicit density dependence 
in all expressions. The density appears in the denominator of the fraction of monomers 
and in the numerator of the compressibility factor. In addition, there is an implicit density 
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Table 2.1: Expressions for the fraction of monomers (nl/no) and the residual contribution to 
the compressibility factor due to association interactions for the chemical approach (APACT), 
quasi-chemical approach (SLP) and thermodynamic perturbation theories (SAFT) are tabulated 
for one-site and two-site models (Economou and Donohue, 1991). In the chemical approach K' = 
KRTexp(O) and K" = 2KRTexp(9), in the quasi-chemical approach K* =K *1 and in TPT1 
A' =Af (r7), the precise form of the function depends on the equation of state used to model the 
reference fluid. 
ni/no Zassoc 
1 bonding site 2 bonding sites 1 bonding site 2 bonding sites 
pK' Chemical (APACT) 1+ 1+2 
2 
4p 1+2pK'+ 1+4p - 
(nj)2PKII 
o2- no 
pK* Quasi-chemical (SLP) - 1+2px"+ 
2 21 
1+ p no .7 
TPT1 (SAFT) 
1 -( 
öl` p2/- lö )PA, 
dependence since Ký, K" and 0 are all density dependent. K' and K" are dependent on 
density via the exp(O) term and the density dependence of 0 is captured in the g(ov)Hs 
term. The density dependence is due to the fact that the chemical and physical, terms 
in the equation of state are coupled. Conversely, since in the SLP equation of state it is 
assumed that the chemical and physical contributions are independent there is no density 
dependence of the K* term. In addition, the expressions in table 2.1 also show temperature 
dependence. 
Economou and Donohue (1991) also derived analytic expressions for the mole fraction of 
monomers of components m and n and the residual contribution to the compressibility 
factor due to association interactions for binary mixtures containing components m and n. 
They considered three different types of association schemes, m containing one site and n 
is non-associating, m and n both containing one site and m containing two sites and n is 
non-associating. Once again the expressions derived were of the same analytical form, the 
reader is referred to Economou and Donohue (1991) for the derivation and comparison of 
these expressions. 
To summarise, three theoretical approaches to modelling associating fluids and their mix- 
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tures have been outlined. Although these approaches differ greatly in the approach taken 
to model association it has been shown by Economou and Donohue (1991) that the an- 
alytical expressions for the fraction of monomers and contribution to the compressibility 
factor due to association are essentially of the same functional form. Much progress has 
been made in the modelling of associating systems from the first chemical theory pro- 
posed by Dolezalek (1908) to the development of the thermodynamic perturbation theory 
by Wertheim (1984a, 1984b, 1986a, 1986b). 
In this research the focus is on modelling systems containing strongly associating hydro- 
gen fluoride and polar refrigerants. The objective is to develop reliable models that can 
describe and predict phase behaviour over a wide range of conditions with pure component 
models that can be consistently used to model a number of different mixtures. In order to 
carry out the challenging work set out the thermodynamic perturbation theory has been 
employed to model these strongly associating systems. Specifically, the statistical asso- 
ciating fluid theory for potentials of variable range, SAFT-VR (Gil-Villegas et al., 1997; 
Galindo et al., 1998a), an advanced molecular-based equation of state from the SAFT 
family of equations based on the thermodynamic perturbation theory of Wertheim, has 
been used. 
2.4 The statistical associating fluid theory 
2.4.1 . The SAFT models and parameters 
In SAFT (Chapman et al., 1989; Chapman et al., 1990) molecules are modelled as asso- 
ciating chains of m tangentially bonded attractive spherical segments of diameter o and 
attraction strength e. In the SAFT-VR approach, an additional parameter A representing 
the variable range of dispersion interactions is introduced. Short range directional associ- 
ation interactions are represented by a number of embedded off-centre bonding sites. The 
sites have a cut-off range of r,,, ab and are placed at a distance rd 
from the centre of the 
sphere. If two sites a and b are within a distance rc, ab of each other, an association attrac- 
tion of strength e bB can occur. In terms of reduced units rd = rd/o, with rd fixed to 0.25 
and r* = re/v. The two parameters rd and rc, ab 
define the volume available for bonding, 
Kab. It should be noted that it is more convenient and physically intuitive to describe the 
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Figure 2.4: A model of a SAFT molecule with two sites a and b. The parameter m denotes the 
number of segments in the chain of tangentially bonded monomer segments, in this case m=3. 
The parameter o represents the diameter of the spherical monomer segment. The strength of 
attractive and association interactions is given by e and e 6B respectively. In the case of SAFT-VR 
.ý represents the range of the monomer-monomer attractive interaction. Association interactions 
occur over a cut-off range of rc, ab between sites a and b. The distance between the centre of the 
monomer and the centre of a site is given by rd. 
range of association in terms of the cut-off distance rc, ab rather than the bonding volume 
Kab. The non-trivial relation between these parameters is given in Jackson et al. (1988) 
and printed here as equation (2.35). The SAFT molecule and size parameters are shown 
in figure 2.4. 
To model a mixture containing components i and j binary interaction parameters must 
be specified. These can be obtained, in the first instance, from the pure component 
parameters of i and j according to Lorentz-Berthelot-like (LB) combining rules, defined 
in a manner analogous to Rowlinson and Swinton (1982) and Galindo et al. (1998a). In 
order to obtain a good description of the mixture phase behaviour it is often necessary to 
adjust one or more of the binary interaction parameters to mixture data and a correction 
factor (kid) to the binary interaction parameter can be incorporated into the definition 
of the combining rule. In this work the following definitions of the combining rules were 
used to determine the binary interaction parameters in SAFT-VR. The unlike segment 
diameter vij is determined exactly, since the segments are modelled as hard spheres, from 
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the arithmetic average; i. e. 
°ii + Qj j (2.46) Usj =2 
The strength of the dispersion energy is given by the geometric average 
Eij = (1 - ý'(EijEjj)1/2, 
(2.47) 
where k is a correction factor. The range of the attractive interactions is given by the 
arithmetic average 
Ai j (1- ki\) 
AiiQii 'ý" Ajjaj. 9 
jj 
Qii , +, ojj 
(2.48) 
where k is a correction factor. The energy of the association interactions between site 13 
type a of component i and site type b of component j is given by the geometric average 
HB / 112ý E ab-ý1-kEt ab 
(2.49) 
where kid is a correction factor. The combining rule representing the cut-off range of 
the association interaction is defined in terms of the bonding volume 





where kK is a correction factor. It should be noted that alternative combining rules for 
the association parameters exist. Wolbach and Sandler (1998) suggested the following 
combining rules for the strength of cross association interactions 
HB E ba Eý -ý- E6 )2 (2.51) 6iiab7 
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and bonding volume 
3 




The combining rules of Wolbach and Sandler (1998) for the association parameters have 
been used, for example, by Gross and Sadowski (2002a). In this work equations (2.49) 
and (2.50) have been applied, consistent with other studies involving SAFT-VR and re- 
frigerants by Galindo et al. (1998b). 
If the correction factor to the binary interaction parameters is set to zero, the combining 
rules (equations (2.47) - (2.50)) are reduced to the Lorentz-Berthelot-like rules. If ksj is 
less than zero, the binary interaction parameters are corrected by a factor greater than 
one, implying that the interactions are stronger than ideal mixing interactions. However, 
if k15 is greater than zero, the binary interaction parameters are corrected by a factor less 
than one, implying that the mixture interactions are weaker than ideal mixing interactions. 
SAFT is written in terms of the Helmholtz free energy, from which all thermodynamic 
properties can be derived, as the sum of four separate contributions according to the 
following equation (Chapman et al., 1989; Chapman et al., 1990) 
A_ Aideal A'ono Achain Aassoc 
NkT NkT + NkT + NkT + NkT ' 
(2.53) 
where N is the total number of molecules in the system, k is the Boltzmann constant and 
T is the temperature. A is the total Helmholtz free energy, Aid"I is the contribution due 
to ideal interactions, A"'OnO (often referred to as A8e9) is the contribution of the repulsive 
and attractive interactions of the monomer segments, Achain is the contribution due to 
the formation of chain molecules and Aa98°C is the contribution due to the formation 
of association complexes. A schematic of the formation of a SAFT molecule and the 
corresponding contribution to the Helmholtz free energy is shown in figure 2.5. 
2.4.2 Overview of SAFT 
The thermodynamic perturbation theory of Wertheim, discussed in section 2.3.3, forms 
the basis of the Statistical Associating Fluid Theory (SAFT) approach. In Jackson et al. 
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Reference fluid TPT1 
Figure 2.5: The formation of a SAFT molecule and corresponding contribution to the Helmholtz 
free energy. (a) ideal system, (b) the reference fluid with repulsive and attractive interactions, (c) 
the addition of chain sites to form chains of tangentially bonded monomer segments and (d) the 
addition of association sites to form association complexes. 
(1988) the theory for modelling the phase equilibria of spherical molecules with multiple 
bonding sites was proposed. Subsequent work in Chapman et al. (1988) extended the 
theory to chain molecules with multiple bonding sites. In Chapman et al. (1989) and 
Chapman et al. (1990) the SAFT approach was first presented. 
Since the total Helmholtz free energy in SAFT is computed from many contributions there 
is great flexibility in the SAFT approach. For example, if near-spherical molecules, such 
as water or hydrogen fluoride, are modelled the chain term is neglected. Whereas, if non- 
associating compounds, such as alkanes, are modelled the association term is neglected. 
On the other hand, further terms due to other interactions can be added. For example, 
polar and quadrupolar terms can be added to treat these interactions explicitly (Walsh 
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et al., 1992; Jog and Chapman, 1999; Tumakaka and Sadowski, 2004; Gross and Vrabec, 
2006; Karakatsani et al., 2005; Zhao and McCabe, 2006). This contribution formulation, 
together with the numerous ways in which dispersion forces can be modelled has lead to 
a large number of different variations of SAFT being proposed in the literature. . 
Although there is a certain amount of confusion due to the different versions of SAFT 
available and the complex nature of the equations involved academia and industry have 
been quick to adopt the SAFT approach. The firm basis in statistical mechanics means 
that SAFT has a high predictive capability. In addition, complex associating systems 
containing non-spherical molecules can be modelled over a wide range of conditions with 
a single set of parameters. In some cases there is also the possibility of the transferabil- 
ity of model parameters to different systems. Furthermore, the large database of model 
parameters available in the literature (for example Huang and Radosz (1990) and Huang 
and Radosz (1991)) and the inclusion of some versions of SAFT into process modelling 
tools (Kakalis, 2006; Keskes, 2007; Buchelli et al., 2004) has contributed to the success of 
the SAFT approach. 
In this brief review it is not possible to mention all the different versions published in 
the literature, nor the wide range of systems that have been modelled using the SAFT 
approach. Instead reference is made to the comprehensive review of Müller and Gubbins 
(2001) in which the approach is reviewed. In their review Müller and Gubbins (2001) 
found more than 200 articles dealing directly with SAFT and its applications. A separate 
review by Economou (2002) examines the SAFT equations and modifications made that 
have resulted in the various versions of SAFT. A number of SAFT approaches that have 
gained popularity in the literature or have been proposed since the comprehensive review 
of Müller and Gubbins (2001) will be high-lighted. Finally, versions particularly applicable 
to polar systems, such as refrigerants that will be modelled in this work, will be discussed. 
In the original version of SAFT by Chapman et al. (1989) and Chapman et al. (1990) 
the reference monomer fluid is modelled as a Lennard-Jones fluid. The A"`OflO term is 
obtained from perturbation in which repulsive and attractive contributions are calcu- 
lated explicitly. The repulsive contribution is obtained from a hard sphere reference with 
temperature-dependent diameter. The attractive contribution is obtained from an empir- 
ical expression by Cotterman et al. (1986). The contribution due to chain formation is 
computed from Wertheim's TPT1 as described in Chapman et al. (1988). The contribu- 
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tion to the Helmholtz free energy due to the formation of association complexes is also 
based on the TPT1 of Wertheim and was first presented in Jackson et al. (1988). The 
reference fluid pair correlation function is approximated by a hard sphere pair correlation 
function at the hard sphere contact. 
In the 1990s many different versions of SAFT were proposed, differing mainly in the 
form of the monomer contribution. The original version of SAFT was closely followed by 
Huang and Radosz (1990), Huang and Radosz (1991). The difference between the Huang 
and Radosz version of SAFT and the original SAFT of Chapman and co-workers is in 
the monomer term. They used a simpler term for the temperature-dependence of the 
hard sphere reference fluid of the monomer term and the contribution due to dispersion 
interactions was obtained from the BACK equation of Chen and Kreglewski (1977). Pure 
component parameters for over 100 real fluids and for 60 mixtures were presented (Huang 
and Radosz, 1990; Huang and Radosz, 1991). 
SAFT-VR 
One version that has become popular in the literature is the Statistical Associating Fluid 
Theory with potentials of Variable Range (SAFT-VR), developed by Gil-Villegas et al. 
(1997) and Galindo et al. (1998a). In SAFT-VR molecules are modelled as chains of 
tangentially bonded hard core segments with attractive potentials of variable range. An 
additional parameter, \, is introduced to quantify the variable range of the dispersion 
interactions. In a further improvement over the original SAFT the Al' term is obtained 
from the high temperature expansion of Barker and Henderson (1967a, 1967b, 1976) up to 
second order. A reference fluid of hard spheres is assumed in the Barker and Henderson 
high temperature perturbation. The attractive potential can be represented by any hard- 
core potential of variable range, in Gil-Villegas et al. (1997) they presented equations for 
square-well, Yukawa and Sutherland potentials. The mean value theorem is used to obtain 
a compact expression for the first order term and the local compressibility approximation 
is used to obtain the second order term. The pair correlation function of the reference 
monomer fluid in TPT1 is no longer approximated by the hard sphere pair correlation 
function at contact. Instead it is obtained from a first order perturbation with a hard 
sphere reference. The chain and association terms are modified, via the monomer cavity 
function, to take into account the new reference pair correlation function. The equations 
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involved in the SAFT-VR approach will be presented in section 2.4.3. 
A number of complex systems have been modelled using SAFT-VR. A comprehensive 
review of the application of SAFT-VR to model electrolytes, interfaces, liquid crystals 
and polymers can be found in Paricaud et al. (2002). One of the advantages of SAFT- 
VR is that the attractive potential of variable range treats in an effective manner polar 
interactions and dispersion forces. Consequently, replacement refrigerant systems have 
been modelled using SAFT-VR in Galindo et al. (1998b). More recently, an extensive 
study modelling pure component refrigerant systems and binary refrigerant mixtures has 
been carried out by Swaminathan and Visco (2005a, 2005b). 
In recent work by Lafitte et al. (2006) a modified SAFT-VR equation of state called SAFT- 
VR Mie was proposed. The family of m-n Mie potentials represent the intermolecular 
parameters. As a result there is the possibility to vary the range of repulsive as well 
as attractive forces. The aim of their work was to improve the prediction of derivative 
properties without losing accuracy in the description of phase equilibrium. In addition they 
proposed two parameter estimation procedures: in the first, parameters were solely fitted 
to vapour-liquid equilibrium data; while in the second speed of sound and density data of 
the compressed liquid phase were also included. While the SAFT-VR Mie models obtained 
from both procedures yielded good predictions of vapour-liquid equilibrium properties, 
models obtained using the second fitting procedure showed a significant improvement 
in description of speed of sound and liquid density. Lafitte et al. (2006) also compared 
SAFT-VR and SAFT-VR Mie predictions of other derivative properties such as isothermal 
compressibility, isobaric thermal expansivity and isobaric heat capacity, with considerable 
improvement observed for SAFT-VR Mie models. 
soft-SAFT 
Blas and Vega (1997) developed soft-SAFT. As in the original SAFT the reference monomer 
fluid consisted of Lennard-Jones segments. However, the pair correlation function of the 
reference fluid was not approximated by a hard sphere fluid at contact. Instead, the pair 
correlation function of Lennard-Jones spheres was evaluated at the temperature of the 
system and density of the total number of spheres according to Johnson and Gubbins 
(1992). Blas and Vega (1997) also extend the theory to heteronuclear chains of Lennard- 
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Jones fluids. In Blas and Vega (1998) they present models for pure component n-alkanes, 
1-alkenes, 1-alkanols and binary and ternary mixtures of alkanes. 
PC-SAFT 
Another popular version of SAFT that has been proposed in the literature is Perturbed- 
Chain SAFT (PC-SAFT) by Gross and Sadowski (2001). The difference between PC- 
SAFT and the other versions of SAFT discussed thus far is in the formation of the SAFT 
molecule and hence in the reference term. In PC-SAFT the formation of chains of spherical 
segments is considered first. The contribution to the Helmholtz free energy due to the 
formation of hard chains is obtained from the chain term of Chapman et al. (1988), which 
is based on the thermodynamic perturbation theory of Wertheim. Once the reference term 
of hard chains has been defined the attractive interactions of the chains are obtained by 
applying Barker and Henderson's perturbation theory up to second order with the hard- 
chain fluid as reference. The pair correlation function of the reference fluid of hard chains 
is based on the work of Chiew (1991) with some fitting to pure component n-alkane data. 
In Gross and Sadowski (2001) they presented model parameters for 78 non-associating 
pure components and a number of non-associating binary and ternary mixtures. In Gross 
and Sadowski (2002a) they applied PC-SAFT to associating systems, with the association 
term obtained from TPT1 as in other SAFT approaches. Polymer systems are modelled 
in Gross and Sadowski (2002b). 
von Solms et al. (2003) proposed two modifications to PC-SAFT, which simplify the 
computation of phase equilibrium properties without compromising the physical perfor- 
mance or accuracy, resulting in the simplified PC-SAFT equation of state. Comparison of 
simplified PC-SAFT with the original PC-SAFT was performed to prove that there was 
no loss in accuracy. Computing time of simplified PC-SAFT was much lower compared 
to the original PC-SAFT and comparable with Soave-Redlich-Kwong (Soave, 1972) and 
Cubic Plus Association (Kontogeorgis et al., 1996). As commented on by von Solms et al. 
(2003) simplifying the calculations and'so reducing the computing time is an important 
factor in pressing industry into implementing SAFT in process simulators. 
In Tihic et al. (2006) the available parameter database for PC-SAFT is extended. Sub- 
sequently, a group contribution method for simplified PC-SAFT has been developed and 
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was presented in Tihic et al. (2007). Model parameters are estimated from a group con- 
tribution method based on the `conjugation principle' of Constantinou and Gani (1994) 
in which contributions from first and second order groups are considered. 
CPA 
In an earlier alternative approach Kontogeorgis et al. (1996) proposed the Cubic-Plus- 
Association (CPA) equation of state. They combine the simplicity of a cubic equation of 
state (SRK) to calculate the physical contribution with the thermodynamic perturbation 
theory of Wertheim to compute the chemical contribution. Although it should be noted 
that the resulting equation of state, CPA, is no longer cubic in terms of volume. Since the 
aim of the work was to have a molecular based equation of state, as opposed to segment 
based, a number of expressions are proposed to reduce the number of pure component 
parameters from seven (two for SRK and five for SAFT) to five. An advantage of CPA is 
that for non-associating species it reduces to SRK. This is particularly useful to industry, 
since the SRK equation of state is widely used in industry and typically large databases of 
parameters are available. In Kontogeorgis et al. (2006a) the application of CPA to pure 
component and self-associating systems are reviewed. Followed by a review of applications 
to cross-associating and multicomponent systems in Kontogeorgis et al. (2006b). 
Crossover versions 
A major drawback of analytic equations of state is that they are unable to reproduce cor- 
rectly the critical point. To overcome this Kiselev and Ely (1999) incorporated crossover 
functions to reproduce correctly the critical exponents around the vicinity of the critical 
point. Away from the critical region the equation of state is transformed into the classical 
analytical form. They applied these scaling laws to the Huang and Radosz version of 
SAFT. Subsequently, Kiselev and Ely (2000) proposed a simplified version of crossover 
SAFT which contains the same number of adjustable parameters as the original SAFT. 
They modelled a number of pure refrigerants with simplified crossover SAFT and repro- 
duced saturated pressures and liquid densities to within around 1% AADs. They also 
modelled mixtures of refrigerants with only one adjustable parameter. However, the re- 
frigerants had been modelled as non-associating, i. e. the models did not contain sites. In 
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Kiselev et al. (2001) they developed crossover SAFT models for alcohols, incorporating 
sites to model association. The crossover version of SAFT-VR was later developed by 
McCabe and Kiselev (2004) and tested on light hydrocarbons. In work by Llovell et al. 
(2004) and Llovell and Vega (2006) a crossover soft-SAFT equation of state was developed, 
firstly for pure components and then mixtures using the phase-space cell approximation 
of White (1992). 
Group contribution versions 
The versions of SAFT mentioned thus far rely on the availability of experimental data, 
typically pure component vapour pressures and saturated liquid densities, to obtain model 
parameters. However, as the chemical industry moves towards more complex molecules 
the availability of experimental data required for model development becomes more scarce. 
To overcome this drawback there is great interest in predictive thermodynamic models, 
such as group contribution methods. 
Tamouza et al. (2004) proposed a group contribution method for the SAFT approach, 
referred to as GC-SAFT. They proposed group contribution combining rules to obtain 
segment parameters, geometric mean in terms of dispersion energy and arithmetic mean 
in terms of segment diameter and dispersion range. Pure component parameters were 
obtained for five hydrocarbon families, including the OH group for associating alcohols, 
where a single set of association parameters were estimated from 1-ethanol to 1-decanol 
data. They applied this approach to the original version of SAFT (Chapman et al., 1989; 
Chapman et al., 1990) as well as SAFT-VR (Gil-Villegas et al., 1997; Galindo et al., 1998a). 
Subsequently, Tamouza et al. (2005) predicted the phase behaviour of mixtures with the 
pure parameters from GC-SAFT with no correction to the binary interaction parameters. 
They obtained good results for n-alkane mixtures but found that systems containing n- 
alcohols were slightly less well represented. Recently, they extended the theory to account 
for polar interactions explicitly, using the perturbation expansion of Gubbins and Twu 
(1978) and inspired by the segment approach of Jog and Chapman (1999). Approaches 
to explicitly treating polar interactions in the SAFT framework are discussed later in this 
section. 
Lymperiadis et al. (2007) have developed SAFT--j, a group contribution version of SAFT- 
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VR. They model the molecules as chains of heteronuclear segments as opposed to the 
homonuclear segment model of Tamouza et al. (2004). Excellent results are obtained 
for compounds within the database of chemicals used in parameter estimation. Good 
predictions are obtained for compounds outside the database. A key feature of the SAFT- 
-y approach is that there is no need to fit group binary interaction parameters, provided 
experimental data is available for molecules containing all combinations of the groups of 
interest. A number of binary mixtures are predicted and excellent results are obtained. 
Peng et al. (2007) also present a heteronuclear theory for SAFT-VR, although development 
of a full group contribution method with a database of parameterised groups still needs 
to be performed. 
Treatment of polar interactions 
Many of the associating fluids modelled in this work are refrigerant molecules whose as- 
sociation interactions are governed by dipole-dipole interactions as opposed to hydrogen 
bonding. In the previously mentioned SAFT approaches polar interactions are not treated 
explicitly. However, a number of SAFT approaches that explicitly account for dipolar in- 
teractions have been developed. For a complete overview on the developments in SAFT 
to explicitly treat polar interactions reference is made to the reviews in Zhao and McCabe 
(2006) and Zhao et al. (2007). A few approaches are briefly mentioned here. 
Walsh et al. (1992) were the first to explicitly treat polar interactions in the SAFT for- 
malism. They used the u-expansion, a perturbation expansion for fluids with an isotropic 
reference and anisotropic perturbation, treating higher order contributions using the Pade 
approximant of Stell et al. (1974). Walsh et al. (1992) replaced the unknown pair cor- 
relation function with the pair correlation function of a fluid of spherical Lennard-Jones 
molecules. 
Jog and Chapman (1999) developed a theory for a fluid of dipolar chains with multiple 
dipolar sites and so were the first to account simultaneously for multipolar interactions and 
shape effects. They assumed an equimolar mixture of non-polar and polar hard spheres as 
the reference fluid. The distribution of the polar and non-polar segments at a particular 
density is a function of both the distance between the spheres and the orientation of the 
dipole with respect to the non-polar sphere. Jog and Chapman (1999) performed com- 
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puter simulations which showed that the distribution function of the reference fluid could 
be closely approximated by the hard sphere distribution function at moderate dipole mo- 
ments. Jog and Chapman (1999) obtained the thermodynamic properties of the reference 
fluid by using the u-expansion with the Pade approximant to the perturbation expansion 
proposed by Rushbrook et al. (1973). Chains of non-polar and polar hard spheres were 
obtained by applying Wertheim's TPT in the total bonding limit, as proposed by Chap- 
man et al. (1988). The validation of the hypothesis that the distribution function could 
be approximated by the hard sphere distribution function implies that the chain term for 
dipolar chains is the same as for the hard chain. In Jog et al. (2001) they extended their 
approach to mixtures of polar fluids and compared results to experimental data. The 
dipolar contribution to free energy is obtained by dissolving all the bonds in the chain and 
then applying the u-expansion to the mixture of polar and non-polar hard spheres. An 
additional adjustable parameter describing the fraction of dipolar segments in the chain 
is introduced and the dipole moment must be specified according to experiment or for 
multiple polar groups the dipole moment of each functional group can be calculated from 
quantum mechanics. 
Tumakaka and Sadowski (2004) incorporated the dipolar term of Jog and Chapman (1999) 
and Jog et al. (2001) into PC-SAFT. In Dominik et al. (2005) two different dipolar terms, 
the previously mentioned term by Jog and Chapman (1999) and another by Saager et al. 
(1991), were incorporated into PC-SAFT. The dipolar term from Saager et al. (1991) was 
obtained from molecular simulations by fitting empirical expressions to simulation data. 
Both terms yielded similar results, but the dipolar term of Jog and Chapman (1999) was 
preferred since the parameters were physically more meaningful. 
In Gross and Vrabec (2006) another version of polar PC-SAFT was proposed, again based 
on a third order perturbation theory (u-expansion) written in the Pade approximation 
(Stell et al., 1974). Simple power functions are assumed for the integrals over the reference- 
fluid pair and three-body correlations. Model constants are determined from molecular 
simulation data for VLE of the two-center Lennard-Jones (2CLJ) plus point dipole fluid. 
Literature values for the dipole moment can be used and there are no further dipole related 
parameters that would need to be adjusted to experimental data. 
Karakatsani et al. (2005) proposed an explicit treatment of dipole-dipole interactions, 
and in Karakatsani and Economou (2006a) they extended the approach to the explicit 
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treatment of quadrupole-quadrupole and dipole-quadrupole interactions. The extension 
is based on a perturbation theory for polar fluids with a simple Pade approximant by 
Larsen et al. (1977). The pair and triple radial distribution function integrals were 
approximated by a simple density polynomials in the fifth and third-order respectively. 
Originally Larsen et al. (1977) assumed a reference fluid of hard spheres, while Karakatsani 
and Economou (2006a) applied the approach to PC-SAFT and so assumed a reference 
fluid of associating hard-chains. To reduce the complexity of the equation of state and so 
make it more appealing for engineering calculations, Karakatsani and Economou (2006a) 
approximated the polynomials to the first term only and introduced another adjustable 
parameter describing the effective range of polar interactions. They called this truncated 
PC-PSAFT. For both versions dipole and quadrupole moments and polarisability are 
specified according to literature values. In Karakatsani et al. (2006) tPC-PSAFT was 
generalised to multicomponent mixtures, results were presented for binary and ternary 
mixtures of dipolar, quadrupolar and associating fluids. The difference in this approach 
compared to that of Jog and Chapman (1999) is that the multipoles are assumed to be 
uniformly distributed over all segments, as opposed to being located on certain segments. 
In the above approaches dipole interactions have been incorporated into SAFT via the 
addition of a free energy term due to polar interactions. As a result the structural impact of 
polar interactions on the thermodynamic properties of the fluid have not been considered. 
Zhao and McCabe (2006) proposed SAFT-VR+D, which explicitly accounts for dipolar 
interactions and their effect on the structure of the fluid. This is achieved by assuming 
a reference fluid of dipolar square well segments in the monomer term. The excess free 
energy due to dipolar interactions in the monomer term is obtained from the solution of the 
Ornstein-Zernike equation for dipolar hard spheres with the mean spherical approximation 
closure by Wertheim (1971). As with other approaches that account explicitly for dipolar 
interactions the dipole moment of the compound must be known. Zhao et al. (2007) 
extended SAFT-VR+D to examine dipolar and associating systems. 
In this work the Statistical Associating Fluid Theory with potentials of Variable Range 
(SAFT-VR) has been adopted without the explicit inclusion of polar terms. Although 
refrigerant molecules are typically dipolar in nature, the use of SAFT-VR can be justified. 
A polar version of SAFT would typically involve additional polar parameters, such as the 
dipole moment, that would need to be obtained from parameterisation or the literature. 
The availability of published dipole moments for all the refrigerants studied in this work 
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is questionable. Also, as pointed out by Giner et al. (2007) and Haslam et al. (2008) care 
should be taken since the value of the dipole moment is state dependent. In Israelachvili 
(1992) it is shown that a Boltzmann averaging of the dipole-dipole interaction energy 
over all orientations leads to an angle-averaged or angle-independent interaction, called 
the Keesom potential. The interaction energy of the Keesom potential is a function of 
the sixth inverse power of intermolecular distance, as opposed to the third inverse power 
of the fixed dipole-dipole interaction. The sixth inverse power function in intermolecular 
distance is the same functionality as for dispersion interactions. In addition, von Solms 
et al. (2004) concluded that the prediction of phase behaviour of systems containing 
polar interactions is improved if the compounds are modelled as associating. Therefore, in 
this work orientation-independent polar interactions are treated effectively as dispersion 
forces using square-well potentials of variable range (SAFT-VR) with association sites to 
represent the anisotropy of dipolar interactions. 
Summary 
Many versions of SAFT have been developed since the original version was published 
in the late 1980s. The different versions of SAFT typically differ in the treatment of the 
monomer term and the reference fluid. Due to the high predictive capability and flexibility 
in the formulation of SAFT both academia and industry have shown great interest in the 
SAFT approach. Finally, to treat the associating fluids studied in this work the Statistical 
Associating Fluid Theory with potentials of Variable Range, SAFT-VR, has been adopted. 
The equations involved in the SAFT-VR approach for pure components and mixtures, 
containing components i and j, are presented in the next section. 
2.4.3 Calculation of the Helmholtz free energy using SAFT-VR 
In SAFT-VR (Gil-Villegas et al., 1997) molecules are modelled as tangentially bonded 
spherical hard core monomer segments with attractive potentials of variable range. In this 
work a square-well attractive potential is chosen. Association is represented by attractive 
sites embedded into the monomer segment. The intermolecular potential model of the 
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monomer is given by 
uM(r) = uHS(r; a) - egSW(r; A), (2.54) 
where um is the monomer-monomer potential, uHs is the hard-sphere repulsive interaction, 
defined as 
uHS(r; cT) 
00 if r<Q 
_, (2.55) 
0 if r>v 
and the square well attractive interaction of strength -e and range A is defined as 
ýSýy(rý ý) _1 
if Q<r< Av (2.56) 
0 if r> Aa 
The values of model parameters v, e and A correspond to the relevant pure component or 
mixture parameters. 
The total Helmholtz free energy is made up of separate contributions as given in equation 
(2.53): 
A_ Aideal Amono Achain Aassoc 
(2.57) 
NkT NkT + NkT + NkT + NkT' 
where Aideat is the contribution due to ideal interactions, All' is the contribution of the 
monomer segment, Acha-in is the contribution due to the formation of chain molecules and 
A""' is the contribution due to the formation of association complexes. 
The contribution to the ideal free energy of a mixture is given by (Hansen and McDonald, 
1986) 
Aideal n 
x11n(PiVi(T)) - 1, (2.58) NkT 
E 
where n is the number of components, xi = Ni/N is the mole fraction, pi = Nt/V is the 
number density, Ni is the number of molecules of component i, N is the total number of 
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molecules, V is the volume of the total system and Vi is a substance specific, temperature- 
dependent quantity in units of volume. 
The contribution of the monomer segment to the Helmholtz free energy is written as 
(Gil-Villegas et al., 1997) 
Amono n Am In 
NkT ximi) =(N kT xamz am' z=1 9 i=1 
(2.59) 
where mi is the number of spherical segments in a chain molecule, N8 is the total number 
of spherical segments and a"" is the excess Helmholtz free energy per monomer. The 
Helmholtz free energy of the monomer is obtained from the high temperature perturbation 
of Barker and Henderson (1967a, 1967b, 1976) with a hard sphere reference system, inverse 
in terms of temperature ,Q= 1/kT and truncated after the second order term 
am = aHS .+ /3al + ß2a2 + ... (2.60) 
where allS is the free energy of a mixture of hard spheres and al and a2 are the first two 
terms of the perturbation expansion, associated with the attractive term -cj. The free 
energy of the reference hard sphere mixture is given by the equation of Boublik (1970) 
and Mansoori et al. (1971) as 
alS =6 
(2l 








1 -S3 S3(1-S3) J 
where p9 = N8/V is the total number density of the mixture in terms of the number of 
spherical segments. The reduced densities, Cl, l=0... 3, are given by the expression 
n 
0 Ct = 6 p9 Xs,: (0, ý)t l=... 3 (2.62) L: =i 
where x3, i is the mole fraction of segments of type i in the mixture given by 
maxi (2.63) Xs, i ý, 
_1 
mix, 
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From equation (2.62) it can be seen that (3 is the overall packing fraction of the mixture, 
equivalent to ý for a pure component system. 
The mean-attractive term is given by 
nn 
i 
ai = x9, ixe, jal 
i=1 j=1 
(2.64) 
where ai is the partial term corresponding to each type of pair attractive interaction 
f00 
= -2irp3cij Jr2 yxS(rij; C3)drij al ýºi ii ii (2.65) 
and 9HS(rij; C3) is the radial distribution function of a mixture of hard spheres. Using the 
mean value theorem (Gil-Villegas et al., 1997) an expression is obtained for al in terms 










xa, ixa, jaij 9ij lýij+ 3 
i=1 j=1 
(2.66) 
where a DW is the van der Waals attractive constant for the i-j interaction given by 
a NDW = 27retjv 
3 7i .3 
(A - 1)/3. (2.67) 
The radial distribution function of the mixture is approximated as the radial distribution 
function of a hypothetical pure fluid of effective packing fraction G! f f and al is re-written 
as 
VDW HS[. Seff] al = -Pe xs, ixs, jaij 9o ox, x 
ij 
(2.68) 
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where gö S [o x; (Xf 
f] is the radial distribution function at contact for a hard-sphere sys- 




90 5[OX; (xff 
1-C ý- 
(1 - Cxff)3. 
(2.69) 




G +C2(iýx)ba +C3(Ax)CC (2.70) 
where 
Cx = 
ý6 3 Qx 2.71 
and 
QX _ x8,1x9, jv (2.72) 
j 
The values of the ci coefficients are given in Gil-Villegas et al. (1997). They were obtained 
by integrating equation (2.65) for a pure fluid with an accurate representation of the radial 
distribution function of the hard sphere system given by an expression from Malijevsky 
and Labik (1987). The above expressions for al correspond to the MX1a mixing rule of 
Galindo et al. (1998a). 
The second perturbation term describes the fluctuation of the attractive energy as a con- 
sequence of the compression of the fluid due to the action of the attractive well and is 
given by 
nn 
a2 =E x8, ix9, ja2 . (2.73) 
ij 
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The local compressibility factor (LCA) described in Barker and Henderson (1967a) and 
Barker and Henderson (1967b) is used to obtain the terms a2 
1 öaz3 si 
= 
HS 1 a2 2K ezj pe aps 
(2.74) 
where KHS is the isothermal compressibility factor for a mixture of hard spheres given by 
the Percus-Yevick equation (Reed and Gubbins, 1973) 
KHS _ 
C0(1 - C3)4 
CO(1 - C3)2 + 6C1(2(1 - (3) + 9(23* 
(2.75) 
From equations (2.73) and (2.74) it is possible to observe that the second order perturba- 
tion term is a function of the first order perturbation term. 
The chain term represents the contribution to the Helmholtz free energy due to the for- 
mation of chains of tangentially bonded monomer segments and is given by (Chapman 
et al., 1988) 
Achain n 




The cavity function, ysw(Qii) =gW (cr)exp(-, ße1 ), is obtained from the high tempera- 
ture expansion of gýij'(Qij) (Gil-Villegas et al., 1997) 
9SW (, ij) = 9rS(aij) + oeijgl(aij)' (2.77) 
The hard sphere pair correlation function is given by the expression of Boublik (1970) 





ý3 (1 -(3)2 (1 - C3)3' 
(2.78) 
where Dzj is defined as 
QiiujJ Ei , =1 xa, iU2 Dig =n3. (2.79) uii + 0" ýi=1 xe, icii 
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The term gl(vzj; C3) is obtained from a self consistent method for the pressure from the 
Clausius virial theorem and from the density derivative of the Helmholtz free energy as 
shown in Gil-Villegas et al. (1997) and Galindo et al. (1998a) 
HS ef f 
Öy" S[Qij; 3ff](iO cgff ! 3ff (2.80) 91(O'ij e (3) = 9¢ [ýij iý+ lýii - 1) 
Cilý3f 
f 319Aij -(3 19(3 
The association term describes the contribution to the Helmholtz free energy due to the 
formation of association complexes. It is derived from Wertheim's thermodynamic pertur- 
bation theory and has been presented for pure components in section 2.3.3. The association 
term for mixtures is given by 
Aasaoc n 8i XlS 
NkT - xi 
E (1nXd, 
i - 






where the first sum is over all species i and the second sum is over all s= sites of type a 
on molecules of species i. The fraction of molecules of type i not bonded at site a, Xa, i, 
is obtained from the mass action equation 
_ Xa, i 1 +E'ý 11 
. 7=1 
E6=1 PXjX b, j Aa, b, iJ 
(2.82) 
where Da, b, i, j describes the association interaction between site a on molecule i with site 
b on molecule j. It is given by 
Da, b, i, j - Ka, b, i, 9. fa, b, i, j92jw(crij)t (2.83) 
where Ka, b, i, j is the volume available for bonding, fa, b, i, j is the Mayer f-function of the a-b 
interaction given by fa, b, i, j = exp(-cba, b, g, j/kT) -1 and g 
"(vag) is the pair correlation 
function of the reference square well fluid at contact given by equations (2.77), (2.78) and 
(2.80). 
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2.5 Conclusions 
Strong, short-range, highly directional association interactions occur between molecules 
in associating fluids resulting in the formation of aggregate species that greatly affect the 
thermodynamic properties of these fluids. Traditional approaches, such as cubic equations 
of state, are not sufficient to capture the complex nature of these fluids. Three different 
theoretical approaches to modelling associating fluids have been developed. In chemical 
theories it is assumed that a new species is formed from association reactions. An equilib- 
rium chemical reaction scheme is proposed and the equilibrium constant, typically obtained 
empirically, determines the distribution of aggregate species formed. The quasi-chemical 
approach is based on lattice-fluid theory where a specific energy between adjacent cells is 
specified to represent non-randomness. The number of association bonds as opposed to the 
number of oligomers determine the extent of association. Finally, in the thermodynamic 
perturbation theory of Wertheim (1984a, 1984b, 1986a, 1986b) an intermolecular potential 
model is proposed to mimic association interactions. Although the theoretical concepts 
followed in each approach are quite different it has been shown in Economou and Donohue 
(1991) that expressions of the same mathematical form are obtained. 
Over the last 20 years the statistical association fluid theory (SAFT) (Chapman et al., 
1989; Chapman et al., 1990), based on the thermodynamic perturbation theory of Wertheim, 
has been used extensively to model associating chain molecules. Due to the simple ad- 
ditive formulation of SAFT many different versions have been proposed. These include 
SAFT-VR (Gil-Villegas et al., 1997; Galindo et al., 1998a) in which the variable range of 
attractive interactions are considered, PC-SAFT (Gross and Sadowski, 2001) in which a 
hard chain as opposed to hard spheres is taken as the reference term, group contribution 
versions (Lymperiadis et al., 2007; Tamouza et al., 2004; Tihic et al., 2007), crossover 
versions (Kiselev and Ely, 2000; McCabe and Kiselev, 2004; Llovell et al., 2004) and polar 
versions that account explicitly for polar interactions (Walsh et al., 1992; Jog and Chap- 
man, 1999; Tumakaka and Sadowski, 2004; Gross and Vrabec, 2006; Karakatsani et al., 
2005; Zhao and McCabe, 2006). SAFT has a firm basis in statistical mechanics leading 
to models with a high predictive capability. The SAFT approach has been successfully 
applied to a number of systems of industrial significance, including petroleum fluids, poly- 
mers, alcohols, water and refrigerants. In this work the SAFT-VR approach has been 
adopted to model strongly associating hydrogen fluoride and refrigerant systems. 
Chapter 3 
Calculation of phase equilibrium 
and determination of model 
parameters 
3.1 Introduction 
All of the equations of state discussed in chapter 2 contain substance-specific and mixture- 
specific intermolecular potential parameters, so-called adjustable parameters, which need 
to be determined in order to model the phase equilibrium and thermodynamic properties 
of experimental systems as required for process design and simulation. The determination 
of optimal values of the adjustable parameters by minimisation of a suitable objective 
function is the aim of parameter estimation. 
In this chapter, the formulation and -solution of parameter estimation problems is consid- 
ered. At the core of the problem lies the solution of the phase equilibrium problem. The 
relations governing phase equilibrium are examined first. Approaches to solve the com- 
plex mathematical problem of phase equilibrium are considered. In the second half of this 
chapter issues that need to be considered in the determination of adjustable parameters 
are discussed. 
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3.2 Calculation of phase equilibrium 
By way of introducing the calculation of phase equilibrium, the independent intensive 
variables that must be specified in order to fully describe a single phase containing n 
components are considered. These are 
" composition (xl, x2 ... xn_1) 
9 temperature (T) 
9 molar volume (v). 
It should be noted that only n -1 compositions are independent, because of the constraint 
E=, xi = 1. In addition to the composition of the phase, two more intensive variables 
must be specified, which can be chosen from a number of different combinations. Here tem- 
perature (T) and molar volume (v) have been selected since this set of intensive variables 
define the molar Helmholtz free energy (a), the state variable used in the SAFT equations. 
All remaining thermodynamic properties, such as pressure and enthalpy, can be computed 
from the Helmholtz energy by standard thermodynamic relations. To summarise, n+1 
independent intensive variables are required to define a single phase. 
Now the number of thermodynamic relations that define phase equilibrium for a multi- 
phase system of p phases is examined. For all phases, there must be equality in tempera- 
ture, pressure and chemical potential of each component i 
Ta=Tß=... =TP (3.1) 
pa=pQ=... =pp (3.2) 
µý=Ai =.. =A i=1,..., n. (3.3) 
Thus, (n + 2)(p - 1) independent equations describe the system, the total degrees of 
freedom in multi-component (n) multi-phase (p) equilibrium is given by the difference in 
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the number of independent variables and independent equations, simplified it is written 
as 
F=n-p+2 (3.4) 
where F is the number of degrees of freedom. Equation (3.4) is known as the Gibbs phase 
rule. It is clear that the complexity of phase equilibrium increases as the number of phases 
and components increases. In addition, if the number of phases present in equilibrium is 
unknown a priori this further complicates the calculation of phase equilibrium. 
The focus of this work is the systematic determination of substance-specific pure compo- 
nent and binary interaction parameters required in the SAFT approach. The parameters 
are typically regressed from vapour-liquid equilibrium (VLE) data, although for systems 
that exhibit liquid-liquid immiscibility liquid-liquid equilibrium (LLE) and vapour-liquid- 
liquid equilibrium (VLLE) data are also considered. For a pure component (n = 1) in 
vapour-liquid equilibrium (p = 2), there is one degree of freedom (F = 1). This means that 
if one intensive variable is specified (e. g. temperature) all other thermodynamic variables 
(e. g. volume and hence pressure) are defined. For a two-component system (n = 2) in 
vapour-liquid equilibrium (p = 2) there are two degrees of freedom (F = 2). Therefore if 
two variables (e. g. temperature and liquid composition) are specified all other properties 
(e. g. pressure and vapour phase composition) are defined. It is important to emphasise 
that the thermodynamic properties can only be calculated if an equation of state, with 
suitable model parameters, is assumed. 
The restrictions that must be satisfied by stable equilibrium are defined by Baker et al. 
(1982) as 
1. Material balance - the total mass of all n components in a mixture must be preserved 
2. Equality in temperature, pressure and the chemical potential of a given component 
n in all p phases 
3. The system must be at its global minimum in Gibbs free energy for a specified 
temperature and pressure. 
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Restriction (2) ensures that there is thermal, mechanical and chemical equilibrium and 
so no driving force to remove the system from equilibrium. Restriction (3) comes from 
the second law of thermodynamics, which states that the system must be at its global 
maximum in entropy. 
The solution of phase equilibrium problem can be obtained from either of the following 
conditions 
" Necessary conditions - restrictions (1) and (2) 
" Necessary and sufficient conditions - restrictions (1) and (3). 
If phase equilibrium is computed from the necessary conditions then a solution containing 
stable, metastable or unstable phases can be obtained. For example, a two-phase point in a 
three-phase region has equality in temperature, pressure and chemical potential, however, 
the Gibbs free energy of the system could be further reduced by the formation of a third 
phase. The two-phase point corresponds to metastable equilibrium (a local minimum 
in Gibbs free energy) or an unstable equilibrium. The three-phase point corresponds to 
the unique global minimum in Gibbs free energy and is the only stable solution of phase 
equilibrium. Solution of phase equilibrium via the necessary conditions can also lead to the 
trivial solution, where all phases present have the same properties. In order to guarantee 
that the global minimum in Gibbs free energy and hence the unique stable equilibrium 
solution is obtained, the necessary and sufficient conditions must be solved using a global 
minimisation algorithm. Restriction (2), equality in temperature, pressure and chemical 
potential (equations (3.1) - (3.3)), is implicit in the solution of the necessary and sufficient 
conditions. 
In figure 3.1 the pressure - molar volume (P - v) space for a pure component system is 
shown. The dashed line represents a sub-critical isotherm calculated assuming an analyt- 
ical equation of state such as Peng-Robinson (Peng and Robinson, 1976) or SAFT (Chap- 
man et al., 1989; Chapman et al., 1990). It should be noted that the calculated isotherm 
follows the line ABCDE. However, the experimentally observed isotherm connects"points 
ACE. Points A and E denote saturated liquid and saturated vapour respectively. The 
binodal curve separates the region of stable and metastable equilibrium and is given by 
the necessary and sufficient conditions. Experimentally it is possible to compress a vapour 
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Figure 3.1: P-v representation of a pure component system, adapted from O'Connell and Haile 
(2005). Points A and E are on the binodal curve that separates stable and metastable equilibrium, 
points B and D are on the spinodal curve that separates metastable and unstable equilibrium. 
The binodal and spinodal curves meet at the critical point (cp). The dashed line represents a 
sub-critical isotherm calculated from an analytical equation of state. The tie line ACE depicts the 
experimentally observed isotherm. 
beyond saturation to point D without immediate condensation, equally it is possible to 
expand a saturated liquid to a pressure lower than the saturated pressure corresponding 
to point B. The regions between AB and DE are in metastable equilibrium, they satisfy 
the necessary conditions. This means that although the equality relations are satisfied the 
system is not at the global minimum in Gibbs free energy. If a small disturbance were to 
be introduced to a metastable system, the system would not necessarily be able to return 
to the metastable point, but could instead tend towards the stable equilibrium point. The 
boundary between the metastable and unstable regions is known as the spinodal curve or 
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limit of mechanical stability. For a system to be within the limits of mechanical stability 
the volume of the system must always decrease in response to any isothermal fluctuation 
that increases the pressure. The binodal and spinodal curves meet at the critical point 
(cp). 
In figure 3.2 the molar Gibbs free energy - composition (g - x) space for a binary mixture 
at fixed pressure and temperature which separates into two phases is shown. The line 
OADP depicts the minimum in Gibbs free energy and hence represents stable equilibrium. 
The region between BC denotes unstable equilibrium, if the overall composition of the 
system lies between BC then two phases of composition A and D would spontaneously 
form. The regions between AB and CD represent metastable equilibrium. The necessary 
conditions, equality in temperature, pressure and chemical potential (equations (3.1) to 
(3.3)) are satisfied, but the system is not at the global minimum in Gibbs free energy. The 
Gibbs free energy of the system would be further reduced by the formation of a second 
phase. The regions OA and DP represent a stable single phase. 
The above discussion and figures 3.1 and 3.2 illustrate that for any phase equilibrium 
problem many unstable and metastable solutions exist, but there is only one stable solu- 
tion. Consequently, the mathematical solution of phase equilibrium is very complex. The 
development of phase equilibrium algorithms is an important area of research, with most 
approaches based on either the solution of the necessary conditions or the solution of the 
necessary and sufficient conditions. Recent reviews can be found in Wakeham and Stateva 
(2004) and Teh and Rangaiah (2002). If phase equilibrium is solved via the necessary con- 
ditions, the solution can converge to either the stable solution or a metastable or unstable 
solution. This is because any minimum in the Gibbs free energy (local or global) could 
be obtained depending on the initial guesses of the molar volume of the coexisting phases 
supplied and the bounds placed on the problem. There is no guarantee that the global 
minimum in Gibbs free energy will be located. Therefore, a further test is required to 
check if the solution is indeed the stable solution of phase equilibrium, corresponding to 
the global minimum in Gibbs free energy. If phase equilibrium is solved via the necessary 
and sufficient conditions the stable solution is obtained, provided a global optimisation 
algorithm is applied, since the sufficient condition of global minimum in Gibbs free energy 
is fulfilled and the necessary condition (2) is implied. 
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Figure 3.2: The molar Gibbs free energy - composition (g - x) space is shown for a binary mix- 
ture that splits into two phases, adapted from Bett et al. (1975). Stable equilibrium occurs at 
the minimum in Gibbs free energy, represented by the line OADP. Unstable equilibrium occurs 
between BC, if the composition of the system is within this region of instability the system will 
spontaneously split into two phases. Metastable equilibrium occurs between AB and CD, repre- 
senting a system where the necessary conditions (equality in temperature, pressure and chemical 
potential, equations (3.1) to (3.3)) are satisfied, but the Gibbs free energy of the system could be 
further reduced by the formation of a second phase.. 
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One of the most common phase equilibrium algorithms involving the solution of the nec- 
essary and sufficient conditions is the tangent plane distance function (TPDF). The algo- 
rithm is based on the tangent plane criterion that was first introduced by Gibbs (Gibbs, 
1873) and subsequently proven by Baker et al. (1982). However, the tangent plane criteria 
was not computationally implemented within a phase equilibrium solution algorithm until 
the seminal work of Michelsen (1982a, 1982b). The TPDF follows from the criteria that 
coexisting phases share a common tangent of the Gibbs free energy space, as shown in 
figure 3.2. The TPDF is defined as the distance between the Gibbs free energy surface 
and the tangent plane to that surface at the feed composition. For the solution to corre- 
spond the global minimum of Gibbs free energy the TPDF must be non-negative over the 
entire composition range. The inclusion of the tangent plane stability criterion in phase 
equilibrium algorithms was a major breakthrough in the solution of the phase equilibrium 
problem and has been widely included in phase equilibrium algorithms since then. 
In Xu et al. (2002) the first completely reliable method for calculating multi-component, 
multi-phase equilibrium using the SAFT equation of state was proposed. Interval analysis 
is used in the theoretical algorithm and computational implementation to guarantee that 
the phase stability problem is solved reliably. 
The solution of the necessary and sufficient conditions is much more complicated than 
that of the necessary conditions, as it is computationally difficult to obtain the global 
minimum. On the other hand, the necessary conditions are also not trivial to solve and, 
furthermore, the resulting solution may not represent stable equilibrium. However, provid- 
ing a good initial starting point significantly reduces the numerical problems encountered 
and increases the likelihood of obtaining the stable equilibrium solution. In parameter es- 
timation, phase equilibrium must be solved for every experimental point in every iteration. 
To employ an algorithm based on the solution of the necessary and sufficient conditions 
would be computationally very demanding. Therefore, in this work phase equilibrium has 
been obtained via the solution of the necessary conditions. A suitable heuristic must be 
incorporated into the solution of phase equilibrium to ensure that the solution obtained 
corresponds to stable phase equilibrium. In the case of systems that exhibit LLE or VLLE 
an a posteriori phase-stability check, is performed (Paricaud, 2003; Clark, 2007). 
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3.3 Determination of model parameters 
Each of the thermodynamic models discussed in chapter 2 contain substance-specific and 
mixture-specific intermolecular potential model parameters. These are typically deter- 
mined by parameter estimation. A number of important issues are involved in the deter- 
mination of model parameters from parameter estimation, these include: 
" type of experimental data available 
9 error in experimental measurements 
" formulation of objective function 
" minimisation of objective function 
9 model adequacy and phase stability 
" model discrimination 
9 statistical significance 
Each of the above points are now discussed in further detail in the remainder of this 
section. For further reference Press et al. (1986) and Englezos and Kalogerakis (2001) 
also discuss a number of these points. The latter reference, in particular, considers a 
number of chemical engineering applications, including parameter estimation in nonlinear 
thermodynamic models such as cubic equations of state and activity coefficient models. 
3.3.1 Type of experimental data 
Typically, pure component saturated vapour pressures and saturated liquid density data 
are used to obtain pure component parameters. Recently, Lafitte et al. (2006) included 
densities and speed of sound data in the condensed liquid phase in parameter estimation 
as well as VLE properties. In Lafitte et al. (2007) heat of vaporisation data were also 
included. By including additional properties in parameter estimation the range of appli- 
cability of the model is enhanced. Pure component parameters can be rescaled in order 
to improve the description of the critical point as performed by Galindo et al. (1996) and 
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Galindo and Blas (2002). In particular for associating fluids, spectroscopic data describing 
the degree of association has also been used by Clark et al. (2006) and von Solms et al. 
(2006) to chose optimal parameter sets and association schemes for water and alcohols. 
von Solms et al. (2007) extended this to test how well the fraction of monomers could be 
predicted in mixtures containing alcohols and alkanes. 
Mixture parameters are usually obtained once pure component parameters are known, by 
fitting to pressure (P), temperature (T) and coexisting liquid (x) and vapour (y) phase 
composition data obtained from vapour-liquid equilibrium (VLE) experiments or coex- 
isting liquid phase (xa and xß) composition data obtained from liquid-liquid equilibrium 
(LLE) experiments. Often a particular feature of phase behaviour is used to obtain mix- 
ture parameters. For example some researchers have used fits to the azeotropic point in 
the case of HF + water (Galindo et al., 1997), the three-phase line in the case of Xe + 
BF3 (Dias et al., 2003) or the critical line as in the case of mixtures containing CO2 and 
alkanes (Galindo et al., 1996; Galindo and Blas, 2002). Alternatively, a range of bubble 
point pressures are used as in the case of HF + R134a (Galindo et al., 1997). 
3.3.2 Error in experimental measurements 
In the process of performing an experiment, measurements of certain variables are taken. A 
random, typically small, error arises from the measurement of a given variable. However, 
in some cases the error in the measurement is large, for example if the experiment is 
difficult to perform (due to the presence of dangerous chemicals such as HF or small 
compositions) or due to human error in the reading of measurements. It is often possible 
to identify anomalous experimental data points simply by plotting the data. If several 
overlapping sources are examined together an anomalous data source can be identified, 
indicating deficiencies in the design or execution of the experiment. However, often only 
a few data sources are available, covering a wide range of conditions with little or no 
overlap. Observing inconsistencies in the different sources may be relatively easy, although 
identifying the most accurate or reliable source is more difficult. It should be noted that 
in some cases thermodynamic consistency tests can help to detect problems. Anomalous 
data points or data sets should not be included in parameter estimation. Furthermore, 
the accuracy in the measurement of a given variable from different sources may differ 
significantly. To overcome these uncertainties it is advantageous to include some estimate 
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of the experimental error in the formulation of the objective function, thereby putting 
more weight on variables or data sets in which there is more confidence. 
3.3.3 Formulation of the objective function 
The parameter estimation problem is typically formulated as the minimisation of a func- 
tion of the difference between calculated and experimental values. This approach is known 
as explicit estimation and has been adopted in all parameter estimation calculations per- 
formed in this work. To illustrate the formulation of an explicit objective function the 
determination of a set of pure component parameters (0) from experimental pure com- 
ponent VLE data, specifically vapour pressures (Pv) and saturated liquid volumes (vi) is 
considered. A possible formulation of an explicit objective function is 
1 
NP9 PexP - Pcadclel 
21N1 
ve xP _ Vcalc(g) 
2 
ex licit _i vi 
l1l, j l1 (3.5) Bln fobj 
Pexp vexp ' ý'v i v, i vi j l, J 
where Np and Ni are the number of experimental vapour pressure and saturated liquid 
volume measurements and the superscripts exp and `RZ0 indicate experimentally measured 
and calculated variables. 
The parameter estimation problem can also be formulated in terms of a suitable implicit 
function of the experimental variables. For the determination of a set of pure component 
parameters from pure component VLE data the implicit function could be the chemical 
potential (µ) which is a function of the measured temperature (Texp) and molar volume 
(v), computed from the measured pressure (Peep) assuming a suitable equation of state 
and pure component parameters (0). The resulting implicit objective function could be 
formulated as 
implicit N2 
mine fobs ý{[/iz(TeXP, vj; o) - µ'(T ", vv; B)] (3.6) 
+[p(Texp, vl; 0) - pexp]2 + [P(Texp9 vv; 0) - Pexp]21 
where N is the total number of experimental data points. 
Paunovic et al. (1981) and Englezos et al. (1990) have determined binary interaction 
parameters using an implicit formulation of the objective function in terms of fugacity. 
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They comment that it is not necessary to evaluate the variables, such as vapour pressure 
and density for the determination of pure component parameters (equation 3.5), for each 
iteration. Hence, the computational demands of parameter estimation are significantly 
reduced. However, the computing time of the parameter estimation calculations using 
explicit formulation of the objective function performed in this work are not significant 
and so are not a constraint in the choice of objective function. 
On the other hand, there are a number of disadvantages associated with the implicit formu- 
lation. Firstly, it is assumed that the experimentally measured quantities describe phase 
equilibrium exactly, without the consideration of uncertainty in measurements. To over- 
come this disadvantage, Englezos et al. (1990) transferred the uncertainty in experimental 
measurements to the implicit function. Since the error in the implicit function was not 
known a priori, it was assumed to be normally distributed. In addition, it was assumed 
that the thermodynamic model is capable of representing the experimental data without 
any systematic deviation. The validity of these assumptions is questionable. Secondly, 
all relevant variables must be known experimentally. For mixtures, the determination 
of coexisting compositions is not always carried out. Finally, because of the difference 
between optimisation algorithms and solvers of nonlinear equations it is not possible to 
ensure that phase equilibrium is achieved numerically when convergence is reached. The 
difference in chemical potentials and pressures may be larger than the desired tolerance 
due to limitations in the model. As a result of these disadvantages, such a formulation of 
the objective function was not considered in this work. 
Most commonly the objective function is formulated as a least squares estimation, either 
absolute 
NV NM1 
Bin fobj = NM 
(X ý'-Xý tß(8))2, (3.7) 
jýi 
or relative 
2 NV 1 
NMI (x; P - Xzj alc(e) 
(3.8) ein . 
fonj _ NMI Xiejxp ' 9 
where the first summation is over every variable type j in the set of NV variable types 
and the second summation is over every data point i from the total number of data points 
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of a given variable type NMI, X represents the variable that is being minimised and 0 
the set of parameters being estimated. The objective function can be scaled with respect 
to the total number of experimental data points of each variable type (NMI), although 
this is not always included in the formulation. Equations (3.7) and (3.8) represent simple 
or unweighted estimation. A weighting factor can be introduced in the formulation 
NV NMj 
mein fobs _> NM" wj(X 
ý-X to(e))2, (3.9) 
where wj is the weighting factor for variable of type j. By including a weighting factor the 
importance of one type of variable over another is introduced to the parameter estimation 
problem. 
A more general formulation of the objective function is maximum likelihood estimation 
(MLE). MLE considers that it is not possible to determine the true parameter values from 
a finite number of experimental data points. Instead, the objective of MLE is to determine 
the values of the unknown parameters (0) that maximise the probability that the model 
will predict (X ,) the values from the experiment (Xis, 
t), where i is the measurement of 
variable type j from experiment k. There are a number of assumptions in MLE. Firstly, 
it is assumed that the equation of state is capable of representing the experimental data 
without any systematic deviation. Secondly, the experiments are independent. Finally, it 
is assumed that the experimental data points are normally distributed with zero mean and 
standard deviation (vzjk) of the ith measurement of variable j in experiment k. The prob- 
ability (Pijk) of observing the individual data point i of variable type j from experiment 
k is (Bevington and Robinson, 1992) 





Qsý, jk 2ý l2 Q=jk J J' 
(3.10) 
The likelihood function (, C(6)) is the product of the individual probability densities (Bev- 
ington and Robinson, 1992) 
NE NVk NMk f 
Il f rl Pijk, 
k=1j=i i=i 
(3.11) 
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where NE is the number of experiments, NVk is the number of variables measured in the 
kth experiment and NMkj is the number of measurements of the jth variable in the kth 
experiment. The maximum-likelihood values of the parameters are obtained by minimising 





fMLE _ 1n(27r) + min 
NE NVk NMký J 
ln(Q2=jk) + tja 
ijk (3.12) o6j 20 Q2 k=1 j=1 i=1 ilk 
where N is the total number of experimental points. This is the formulation of the 
objective function in the software package gPROMS (PSE, 2004b; Oh and Pantelides, 
1996). 
The standard deviation of the measured variable can be specified from knowledge of the 
experiment or determined as part of the optimisation. If the standard deviation is spec- 
ified as a constant value it can be seen that the MLE objective function (equation 3.12) 
effectively reduces to a least squares objective function (equations (3.7) and (3.8)). The 
advantage of MLE is that for each data set, variable or even data point a different, inde- 
pendent quantification of experimental error can be introduced, and an evaluation of the 
statistical significance of the model parameters can then be performed. Further discussion 
of MLE can be found in PSE (2004b), Englezos and Kalogerakis (2001), Bevington and 
Robinson (1992) and Press et al. (1986). 
Englezos et al. (1990) proposed a systematic approach to the determination of binary 
interaction parameters for the Trebble-Bishnoi equation of state (Trebble and Bishnoi 
1987,1988), which contains a total of four binary interaction parameters. In the first 
step a number of simple least square parameter estimations are performed with different 
combinations of binary interaction parameters. This is followed by a comparison of model 
predictions and experimental data. Finally, using the parameter values determined from 
the first step as initial guesses, implicit MLE is performed to obtain the final models. 
3.3.4 Minimisation of the objective function 
The next point to consider is how the objective function is minimised. Global or local 
minimisation algorithms can be employed. Local optimisation algorithms do not guarantee 
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that the optimal solution is found, and are often sensitive to initial guesses. However, 
computationally they are less demanding than global optimisation algorithms. Examples 
of local optimisation algorithms include Newton method, steepest descent method and 
simplex method. More information on these and other local optimisation algorithms can 
be found in Press et al. (1986). 
Global optimisation algorithms guarantee that the unique global minimum is found. How- 
ever, computationally this can be very demanding. In general, global optimisation algo- 
rithms can be classified as deterministic or stochastic. In deterministic approaches a sys- 
tematic search of the parameter space is performed. Deterministic approaches can include 
branch and bound methods and interval mathematics. Further details on deterministic 
global optimisation algorithms can be found in Floudas (2000). In stochastic algorithms 
a random search of the parameter space is performed. Generally stochastic algorithms re- 
quire fewer computational resources than deterministic approaches, although they are less 
reliable. Examples of stochastic global optimisation methods include simulated annealing, 
genetic algorithm and random tunnelling algorithm. Further information on the former 
can be found in Press et al. (1986). 
The choice of minimisation algorithm depends on many factors such as computational 
resources available and the size of the problem. In the solution of phase equilibrium 
through the necessary and sufficient conditions it is essential to find the global minimum 
of Gibbs free energy as this is the only solution that represents stable phase equilibrium, 
as discussed in section 3.2. However, in parameter estimation, due to correlation between 
parameters, there may exist many solutions to the parameter estimation problem all of 
which are capable of describing the experimental data well, as highlighted by Clark et al. 
(2006). In such cases prediction of other thermodynamic properties may be necessary 
to discriminate between models. Previous experience is also useful in deciding on an ap- 
propriate minimisation algorithm. For example, in pure component parameter estimation, 
where many parameters are estimated simultaneously a global approach has been found to 
obtain better results. In the determination of binary interaction parameters, on the other 
hand, where typically fewer parameters are estimated and fewer experimental data points 
are available a local minimisation algorithm is sufficient. In this work different solvers have 
been used, these are discussed in relation to specific formulations of parameter estimation 
in sections 4.3,5.3 and 6.3.2. 
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3.3.5 Model adequacy and phase stability 
Once model parameters have been obtained it is necessary to evaluate the adequacy of the 
model. In this work the errors between model calculated and experimental variables have 
been quantified in terms of absolute average deviations (AADs) 
NE NMk 
AAD=NT lt pt-Xklcl (3.13) 
k=1 i=1 
and relative %AADs 
1 NE NMk Xexpt - ý. cnlc %AAD = NT zk Xexpt 
tk x 100% (3.14) 
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where NT is the total number of measurements, NE is the total number of experimental 
data sets, NMk is the total number of data points in the kth data set, Xik is the experi- 
mental or calculated variable in the kth data set. In this work AADs have been computed 
for mole percent and relative %AADs have been computed for all other variables. 
In addition, for models describing phase equilibrium it is necessary to check that the 
thermodynamic models developed represent stable equilibrium, as opposed to metastable 
equilibrium. For the development of pure component models, a robust algorithm is used 
and the maximum number of fluid phases (two) is assumed. However, for mixtures that 
may exhibit liquid-liquid immiscibility the solution of phase equilibrium is more compli- 
cated, as the number of phases present for a given set of conditions is not known a priori. 
In this case the issue is that the phase equilibrium equations should be solved in such a way 
that stable equilibrium is found. Thus, a phase stability test needs to be performed. The 
preferred approach would be to incorporate a phase stability test in the optimiser. This 
is illustrated, assuming a gradient based optimiser, in figure 3.3a. If a phase stability test 
is incorporated into the optimiser, then only solutions that represent stable equilibrium 
are outputted by the optimiser for evaluation of the optimality tolerance. Of course, this 
increases the computational demand of the optimiser. However, in this work an optimiser 
with built in phase stability test was not available. Instead, parameter estimation was 
performed assuming VLE followed by an a posteriori phase stability test, as illustrated 
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in figure 3.3b. The calculation of phase equilibrium in the optimiser is simpler, but there 
is no guarantee that the solution obtained represents stable phase equilibrium. If the 
a posteriori phase stability test indicates stable phase equilibrium is obtained then the 
model is accepted. However, if the phase stability test is failed the model is rejected. 
There are two reasons why unstable equilibrium could have been obtained. Firstly, the 
optimised parameters (0) are incorrect and simply changing the initial guess could result 
in a stable solution. Secondly, the experimental data included in parameter estimation are 
incorrect and do not in fact correspond to a stable state. In this case, the experimental 
data included in parameter estimation must be revised. An example of this is shown in 
section 6.5.4. If an a posteriori phase stability test is not performed, this can lead to the 
selection of a model based on unstable equilibrium, as highlighted by Xu et al. (2005). 
3.3.6 Model discrimination 
If a number of models have been developed, a criterion for discriminating between the 
models must be established. This is of particular relevance in this work since for each sys- 
tem studied a number of models, each with a different association scheme, can be obtained. 
The optimal association scheme was chosen on the basis of lowest objective function. The 
AADs were also evaluated and compared to check that the optimal model could describe 
the experimental data well. However, a number of different molecular models were capable 
of describing the experimental data to a similar degree of accuracy. Furthermore, in the 
course of developing a SAFT-VR model for water, Clark et al. (2006) demonstrated the 
degeneracy between parameter sets. They investigated the objective function space over a 
wide range of dispersion (e) and association strengths (CHB). Clark et al. (2006) concluded 
that a large number of parameter sets are able to describe the saturated vapour pressures 
and saturated liquid density data included in parameter estimation well and that to further 
discriminate between parameter sets prediction and correlation of other properties had to 
be considered. Clark et al. (2006) used spectroscopic data describing the degree of associ- 
ation to chose an optimal molecular model and parameter set. von Solms et al. (2006) and 
von Solms et al. (2007) also used spectroscopic data to discriminate between association 
schemes for water, alcohols and mixtures containing alcohols and alkanes. However, for 
the systems studied in this work such spectroscopic data is not available. Instead the use 
of caloric properties and mixture VLE data in model discrimination has been investigated. 
3. Calculation of phase equilibrium and determination of model parameters 99 
(a) O (°), k=0 
OPTIMISER 
111(01), oe1(ek) 
0 k, T P, x, phases 
(b) I0 (0), k=0 
OPTIMISER 
1. i (0k), V9f(ek) 
0 k, T, phases P, x 
Phase equilibrium & 
phase stability test 






oooo, NO 9k= 9k+MBk 
of (0 k=k+1 
Yes ` 
Stable 
Phase stability test Stop 
Unstable 
1) B incorrect, try 
different initial guess 
2) Data are incorrect 
Figure 3.3: Algorithms for the estimation of thermodynamic model parameters for description of 
phase equilibrium with gradient based optimiser. (a) optimiser with phase stability test included, 
(b) optimiser with an a posteriori phase stability test. 
3.3.7 Statistical significance 
An evaluation of the statistical significance of the model parameters obtained is desirable. 
As already discussed, the experimental data are in fact subject to experimental error 
or uncertainty. If there was no uncertainty in the experimental data, then the optimal 
parameters (j) would be the true parameters (p). However, if there is uncertainty in the 
experimental data it is not possible to know with certainty what are the true parameters. 
In this case, it is only possible to know what the true parameters are within a specified 
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confidence interval (CI) (PSE, 2004b) 
p=pf CI (a), (3.15) 
where a is the level of the confidence interval. For example, the 95 % confidence interval 
depicts the region which is 95 % certain to contain the true parameter values. Increas- 
ing the level of confidence widens the width of the confidence interval. If the optimal 
parameters obtained have a narrow confidence interval then there is confidence that the 
optimal parameters are a good representation of the true parameters. Further discussion 
on confidence intervals can be found in Bevington and Robinson (1992) and PSE (2004b). 
In this work the 90 % and 95 % confidence intervals are computed. Calculation-of the 
confidence intervals assumes a probability distribution function. A Student-t distribution 
has been assumed here, the choice of probability distribution is discussed later in this 
section. The confidence intervals are obtained from (PSE, 2004b) 
CIi (&) = ti 
12a, 
N- Np V i, (3.16) 
where CIi is the confidence interval of parameter i, a is the level of confidence, N is 
the total number of measurements, NN is the number of parameters estimated, Vii is the 
variance of the estimated parameter i and ti is the t-value of parameter i obtained assuming 
a Student-t distribution. The t-value is a function of the level of confidence, total number 
of measured points and total number of estimated parameters and can be obtained from 
tables found in standard statistic textbooks such as Mendenhall and Sincich (1995). 
If two or more parameters are estimated then confidence ellipsoids between two parameters 
can be drawn. These are bounded by the confidence intervals (equation (3.15)) of the two 
parameters examined. The tilt of the confidence ellipsoid indicates the correlation between 
the two parameters. If the parameters are not correlated then the ellipses are circles. More 
information on confidence ellipsoids can be found in Bevington and Robinson (1992) and 
PSE (2004b). 
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The correlation coefficient is another measure of the correlation between two parameters 





where Rte is the correlation coefficient and V is the variance or covariance of parameters 
i and j. A correlation coefficient with an absolute value close to one indicates that there 
is high-correlation between parameters i and j. If the confidence ellipsoid and correla- 
tion coefficient indicate that there is high correlation between parameters i and j, then 
estimating just one parameter instead of two may be statistically more significant. 
A statistical measure of "goodness-of-fit" is also performed to assess whether the model is 
appropriate or not. Following the earlier use of the Student-t distribution in the calculation 
of confidence intervals, the 95 % t-value test is performed. The t-value test shows the 
accuracy of the estimated parameter with respect to the 95 % confidence interval and is 
defined as (PSE, 2004b) 
ti _A CIi (0.95) ' 
(3.18) 
The computed t-value is compared with the 95 % reference t-value t(0.95, N-Np), which is 
tabulated in standard statistical textbooks (Mendenhall and Sincich, 1995). If the t-value 
is larger than the reference t-value, this indicates the standard deviation and confidence 
interval of the estimated parameter are small compared to the value of the estimated 
parameter. Hence, the parameter has been estimated accurately. On the other hand, a 
smaller value indicates a poor estimate of the parameter. 
In this work the Student-t distribution has been assumed in the calculation of statistical 
indicators. The Student-t distribution function is defined as (Korn and Korn, 1961) 





where 4D is the probability distribution of random continuous variable Y and m is the 
degrees of freedom given by N- Np. The Gamma function r defined as (Korn and Korn, 
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Figure 3.4: A comparison of the Student-t distribution function with m=3 degrees of freedom 
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where z is the number at which the Gamma function is evaluated and t is the independent 
variable. 
The Student-t distribution is particularly suitable for small sample sizes, as encountered 
in this work. For large sample sizes the Student-t distribution function tends to Normal 
distribution. A comparison of the Student-t distribution and the standardised Normal 
distribution is shown in figure 3.4 (Korn and Korn, 1961). 
Finally, it can be supposed that reducing the number of parameters to be estimated 
increases the statistical significance of the remaining parameters. However, it should be 
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noted that an evaluation of the statistical significance of the parameters is only possible 
if an estimate of the experimental uncertainty has been included in the formulation of the 
objective function (MLE). 
3.4 Summary 
In the first part of this chapter the relations and restrictions governing phase equilibrium 
were examined. Many metastable and unstable solutions to the phase equilibrium problem 
exist, but there is only one unique solution that represents stable phase equilibrium. Cal- 
culation of phase equilibrium generally follows one of two routes; solution of the necessary 
conditions or solution of the necessary and sufficient conditions. The phase equilibrium 
solution obtained from the necessary conditions is not guaranteed to be the stable phase 
equilibrium solution. On the other hand, if a global minimisation algorithm is applied, 
solution of the necessary and sufficient conditions is guaranteed to lead to the stable phase 
equilibrium solution. However, this can be computationally very demanding. Therefore, 
in this work calculation of phase equilibrium is performed via the solution of the neces- 
sary conditions, although a good initial guess must be supplied to overcome numerical 
difficulties. 
In the second part of this chapter the issues surrounding the determination of substance- 
specific and mixture-specific thermodynamic model parameters were examined. Explicit 
and implicit formulations of the objective function are considered. However, since the 
implicit formulation assumes that the experimentally measured quantities describe phase 
equilibrium without any consideration of the uncertainty in measurements it is not consid- 
ered in later chapters. On the other hand, the advantage of explicit maximum likelihood 
estimation is that an estimate of the uncertainty in experimental measurements can be 
incorporated into the formulation of the objective function, thus allowing an evaluation 
of the statistical significance of the model parameters. The adequacy of the model is 
considered in terms of how well it describes the experimental data, and also if the so- 
lution obtained represents stable phase equilibrium. This is of particular relevance to 
hydrogen fluoride + refrigerants systems where liquid-liquid immiscibility may occur. An 
a posteriori test must be performed to check that stable phase equilibrium is obtained, 
although including a phase stability test in the optimiser is a better route and an area of 
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future research. Finally, the statistical indicators used in this work were defined and an 
interpretation of their meaning was discussed. 
Chapter 4 
Pure component model 
development 
4.1 Introduction 
In this chapter pure component SAFT-VR models are developed for hydrogen fluoride 
(which exhibits marked aggregation/association), strongly polar refrigerants and non- 
polar intermediates. There are two main challenges in the development of pure component 
models. Firstly, the association scheme that represents the aggregates formed due to as- 
sociation interactions needs to be defined. Since there is a high degree of uncertainty in 
the types of aggregates formed, several molecular models are developed for each system 
studied. Secondly, quantifying the non-sphericity (as represented by the parameter m) 
of the molecules can be difficult, particularly when trying to retain physically meaningful 
relations between the sizes of different molecules. In this work non-sphericity is specified 
according to quantum mechanical analysis proposed by Sheldon et al. (2006). The re- 
maining SAFT-VR parameters are obtained by fitting to saturated vapour pressures and 
saturated liquid densities over a wide temperature and pressure range. 
To begin this chapter previous experimental and modelling studies on hydrogen fluoride 
and replacement refrigerants are reviewed. The formulation of the parameter estimation 
problem is then presented. The SAFT-VR models developed are then reported and dis- 
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cussed. Finally, the main outcomes of the work are summarised. 
4.2 Review of previous studies 
4.2.1 Hydrogen fluoride 
It is widely agreed that the thermodynamic properties of hydrogen fluoride (HF) are 
strongly affected by the oligomers formed in both the liquid and vapour phase as a result 
of hydrogen bonding. Due to the small size of hydrogen fluoride, hydrogen bonds form 
in the solid, liquid and vapour phases. According to Suhm (1995), HF exhibits the most 
pronounced vapour phase association known to date with a vapour phase molar heat 
capacity exceeding 1 kJmol-1K-1 (Franck and Meyer, 1959). The strong association found 
in HF results in some anomalous thermodynamic properties. HF has a very high vapour 
pressure at low temperatures and in the Clausius-Clapeyron logarithmic representation 
of vapour pressure a concave upwards curve is observed. This is opposite to the trend 
normally observed. In addition, a maximum is observed in the heat capacity of gaseous HF 
(Franck and Meyer, 1959) and in its heat of vaporisation (Franck and Spalthoff, 1957) as 
a function of temperature. Several maxima in the isothermal compressibility of HF in the 
supercritical and superheated vapour regions, as a function of molar volume, were recently 
predicted by Baburao and Visco (2006), in contrast to the single maximum observed for 
non-associating propane. These predictions have yet to be confirmed experimentally. 
Proposed structures for hydrogen fluoride 
Although there is a consensus in the literature that the anomalous properties of hydro- 
gen fluoride are due to the oligomers formed as a result of hydrogen bonding, there is 
much less agreement as to the type and distribution of oligomers formed. Various authors 
have suggested the presence of many different combinations of chain and ring aggregates 
of varying sizes in the liquid and vapour phase. However, there are great obstacles to 
confirming the true structure of liquid and gaseous HF, because of the difficulty in per- 
forming the necessary experiments on HF, which is highly toxic, corrosive and reactive. 
Some of the possible structures proposed in the literature for the vapour and liquid phase 
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are briefly reviewed here. 
In an early study, Simons and Hildebrand (1924) assumed that only one type of oligomer 
was formed. They proposed a monomer-hexamer equilibrium scheme for the vapour phase 
and found that it agreed well with experimental data. Long et al. (1943) also found that 
experimental data could be well represented by assuming a monomer-hexamer association 
scheme in the vapour phase. However, they acknowledged that the agreement of pre- 
dictions with experimental vapour pressure and density was not sufficient proof of such 
an association scheme. In addition, they recognised that lower oligomers may exist at 
low degrees of association. Simons and Bouknight (1932) found that a monomer-hexamer 
association scheme also represented liquid HF well. 
Smith (1958) presented an infrared spectra study of gaseous HF, in which the presence 
of monomer, dimer, tetramer and hexamer oligomers were observed. However, he found 
no evidence of the presence of a trimer. Smith (1958) reviewed previous studies on the 
structure of vapour phase HF and found significant discord. He concluded that his inter- 
pretation of infrared spectra was in agreement with the monomer-hexamer model proposed 
by Simons and Hildebrand (1924), later modified by Long et al. (1943) to include the pres- 
ence of lower polymers at lower pressures, which Smith (1958) identified as dimers and 
tetramers. On the other hand, Hollenberg (1967) concluded, on the basis of infrared spec- 
tra analysis, that trimers as well as a dimers were present in HF vapour. Janzen and 
Bartell (1969) obtained electron diffraction patterns for gaseous self-associated HF. From 
their work, they concluded that vapour phase HF consists of monomers and hexamer rings. 
They also acknowledged the presence of other oligomers in negligible concentrations and 
could not rule out the possibility of linear chains because of experimental uncertainties. 
Oriani and Smyth (1948) suggested the presence of linear polymers based on dielectric 
polarisation, but also acknowledged the presence of rings to explain discrepancies between 
the association factor calculated from the dipole moment and that calculated from vapour 
densities. 
More recently, Curtiss and Blander (1988) reviewed the gas phase studies that have been 
performed on hydrogen fluoride. They concluded that evidence was strongest for the 
presence of significant concentrations of dimers and hexamers and lower concentrations of 
trimers, tetramers and pentamers. Quack et al. (1993) also reviewed the experimental 
studies in the literature. They concluded that the experimental research was surprisingly 
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divergent, although cyclic structures clearly prevailed. They found that many authors 
suggested the presence of hexamers, but that this was often based on circumstantial evi- 
dence from selected experimental properties. In addition, they performed FTIR (Fourier 
Transform InfraRed) spectroscopy and concluded that pentamers, as well as tetramers and 
hexamers were present. However, Huisken et al. (1995) suggested that the assignment 
of n-mer units by Quack et al. (1993) should in fact be increased by one to pentamers, 
hexamers and heptamers. A detailed study of HF vapour was performed by Suhm (1995) 
in which he concluded that dimer, ring and chain trimer and rings of 4 to 8 monomers 
contributed significantly to the vapour phase under normal subcritical conditions. The 
structure of HF in the vapour phase thus remains a matter of significant debate. 
Desbat and Huong (1983) performed infrared spectroscopy studies on liquid HF. They 
concluded that the most probable structure of liquid HF at 293 K was a zig-zag chain of 
six or seven molecules with the chains increasing in length to eight molecules just before 
solidification at 190 K. They did, however, acknowledge the presence of other species. On 
the basis of neutron and X-ray diffraction measurements at 296 K, McLain et al. (2004) 
observed the presence of winding chains with an average length of seven molecules per 
chain and very little branching. 
Due to the difficulty in performing experiments on HF, computer simulations are a useful 
means of obtaining information on the structure of liquid and gaseous HF. Zhang et al. 
(1989) performed Monte Carlo simulations of HF vapour to determine cluster size and 
distribution. They concluded that tetramers are important in the vapour phase. Visco 
and Kofke (1998a) performed Monte Carlo simulations to obtain vapour-liquid coexistence 
densities, vapour pressures and heats of vaporisation of HF. They concluded that cyclic 
tetramers as well as monomers were the most important species and further added that 
ring structures were significant in the vapour phase. From their studies they concluded 
that a useful association scheme for HF vapour should include seven relevant species: 
monomer, dimer (chain), trimer (chain), tetramer (chain and ring), pentamer (ring) and 
hexamer (ring). 
In an interesting study on the structure of liquid HF, Deraman et al. (1985) combined 
experimental work and computer simulations. They performed neutron diffraction ex- 
periments on liquid HF and from this calculated the pair correlation function. This is 
of relevance since the pair correlation function gives a representation of the structure of 
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the liquid phase. The experimentally-obtained pair correlation function was then com- 
pared to the pair correlation function obtained from computer simulations based on a 
given intermolecular potential model. Comparisons were made with the three-site and 
two-site models of Klein and McDonald (1979), Klein et al. (1978), the two-site model 
of Jorgensen and Cournoyer (1978) and the three-site model of Cournoyer and Jorgensen 
(1984). In conclusion Deraman et al. (1985) found that the three-site models were clearly 
in better agreement with the pair correlation function obtained from neutron diffraction 
experiments. 
On the basis of the conclusions from Deraman et al. (1985) a new three-site model was de- 
veloped by Jedlovszky and Vallauri (1997). Using this new model, Jedlovszky and Vallauri 
(1998) performed Monte Carlo simulations of liquid HF. They found that the dominant 
clusters in liquid HF were linear chains with some chains containing branching points or 
cycles. From size distribution analysis, it was found that the highest probability corre- 
sponded to clusters of only a few molecules, although a considerable fraction of clusters 
contained 20-60 molecules or even more. 
This brief review illustrates the complexity in determining the structure of strongly as- 
sociating hydrogen fluoride in the liquid and vapour phase. Numerous models have been 
proposed in the literature to represent gaseous HF, although no consensus has been reached 
on the oligomers present and their distribution. Experimental studies on HF have also 
resulted in contradicting views from various authors. Computer simulations have been 
performed in an attempt to clarify the view point on oligomer formation and distribution. 
There seems to be a general consensus that cyclic oligomers are significant in the vapour 
phase with a few linear oligomers present as well. As for liquid HF, it seems that linear 
chains are the prevalent oligomer with some branching points and rings present. There 
are, however, contradicting views on the length of the chains formed. In tables 4.1 and 
4.2 the proposed structures of vapour and liquid phase HF included in this review are 
summarised. 
Equations of state for hydrogen fluoride 
As previously mentioned, HF is extremely toxic and corrosive and experimental work is 
highly dangerous and expensive. Thus, from an industrial perspective, it is desirable to 
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Table 4.1: A summary of the different structures that have been proposed for vapour phase 
hydrogen fluoride. For further details the reader is directed to the review in section 4.2.1 and the 
original publications. The letters represent sources as follows; a- Simons and Hildebrand (1924), 
b- Long et al. (1943), c- Oriani and Smyth (1948), d- Smith (1958), e- Hollenberg (1967), f- 
Janzen and Bartell (1969), g- Curtiss and Blander (1988), h- Zhang et al. (1989), i- Quack et al. 
(1993), j- Huisken et al. (1995), k- Suhm (1995) and 1- Visco and Kofke (1998a). 
Source Technique Proposed structure Additional comments 
a Thermodynamic monomer, hexamer 
modelling 
b Thermodynamic monomer, hexamer Lower oligomers may 
modelling exist 
c Dielectric polarisation linear polymers Acknowledge presence of rings 
d IR spectroscopy monomer, dimer, No trimer 
tetramer, hexamer 
e IR spectroscopy trimers, dimers 
f Electron diffraction monomer, Acknowledge presence of 
hexamer (rings) other oligomers in negligible 
concentration and chains 
g Review significant concentration low concentration 
dimers, hexamers trimers, tetramers, pentamers 
h MC simulations tetramers 
i FTIR spectroscopy tetramers, pentamers, From review concluded 
hexamers cyclic structures prevail 
j Spectroscopy pentamers, hexamers, 
heptamers 
k IR spectroscopy dimers (ring & chain), 
trimers, rings of 4-8 
1 MC simulations monomer, dimer (chain), trimer (chain) 
tetramer (chain & ring), pentamer (ring), hexamer (ring) 
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Table 4.2: A summary of the different structures that have been proposed for liquid phase hy- 
drogen fluoride. For further details the reader is directed to the review in section 4.2.1 and the 
original publications. The letters represent sources as follows; a- Simons and Bouknight (1932), b 
- Desbat and Huong (1983), c- Deraman et al. (1985), d- McLain et al. (2004) and e- Jedlovszky 
and Vallauri (1998). 
Source Technique Proposed structure Additional comments 
a Thermodynamic monomer, hexamer 
modelling 
b IR spectroscopy zig-zag chain of Acknowledge presence of 
6-7 molecules other species 
c Neutron diffraction three-site model 
& simulations 
d Neutron and X-ray winding chains, Little branching 
diffraction average length 6-7 
molecules 
e MC simulations linear chains with Highest probability of 
some branching & clusters of a few molecules, 
rings but considerable fraction 
of clusters with 20-60 
molecules 
develop an equation of state that can correlate and predict the thermodynamic proper- 
ties of HF and its mixtures over a wide range of conditions, minimising the experimental 
work that must be performed. As discussed in chapter 2, there are a number of ap- 
proaches to modelling associating fluids and their mixtures, namely chemical approaches, 
quasi-chemical approaches and thermodynamic perturbation theories. In the remainder 
of this section, equations of state based on the chemical approach and on thermodynamic 
perturbation theories are reviewed. 
In approaches based on the chemical theory the types of oligomers formed and their 
distribution must be specified a priori. However, this is not simple in the case of hydrogen 
fluoride, as highlighted in this review there are many contradicting views on the types of 
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oligomers that are significant in the structure of liquid and vapour phase HF. This has 
lead to researchers proposing many different association schemes. 
Twu et al. (1993) proposed a monomer-hexamer association scheme, based on the work of 
Long et al. (1943), to represent the association interactions, combined with the Redlich- 
Kwong cubic equation of state (Redlich and Kwong, 1949) to represent the physical inter- 
actions. The resulting closed-form equation of state was written in terms of the monomer 
parameters and the monomer-hexamer equilibrium constant and successfully captured the 
anomalous maximum in the heat of vaporisation. However, in order to correlate the vapour 
pressure, one of the parameters had an unusual temperature dependence and the authors 
acknowledged that this was likely due to the presence of other higher or lower oligomers. 
Lencka and Anderko (1993) described HF association with consecutive self-association 
reactions. The distribution of oligomers was determined by a Poisson-like distribution 
function. The physical interactions were represented by the Peng-Robinson (PR) cubic 
equation of state (Peng and Robinson, 1976). The model contains a total of 14 adjustable 
parameters. Lencka and Anderko (1993) successfully modelled mixtures of HF with the 
halocarbons R22 (CHC1F2i chlorodifluoromethane) and R113 (C2C13F3,1,1,2-trichloro- 
1,2,2-trifluoroethane). This approach is commonly referred to as the Association plus 
Equation of State (AEOS) approach. Cho et al. (1998) adopted the equation of Lencka 
and Anderko (1993), with a new composition-dependent mixing rule, to model HF mix- 
tures with R134a (C2H2F4i 1,1,1,2-tetrafluoroethane) and R32 (CH2F2, difluoromethane). 
Kang (1999) re-parameterised the HF model of Lencka'and Anderko (1993) and presented 
a model for the mixture HF + propane. Predictions Of caloric properties such as heat 
of vaporisation, heat capacity and excess enthalpy, obtained with the same model, were 
published by Visco et al. (1997,1998b). It was found that the trends in caloric proper- 
ties could be reproduced qualitatively but not quantitatively. Visco and Kofke (1999a) 
changed the functional form of the expression representing the chemical contribution to 
the compressibility factor. This resulted in an improved agreement with experiment for 
the heat capacity and little negative effect on the prediction of other properties. It should 
be noted, however, that even more adjustable parameters were required. In Baburao and 
Visco (2002), this improved AEOS model was used to model binary mixtures of HF with 
refrigerants and water. In order to simplify the calculations the second component was 
assumed to be non-associating in all cases, in spite of the strongly associating behaviour 
exhibited by these compounds. 
4. Pure component model development 113 
Economou and Peters (1995) applied the associated perturbed anisotropic chain theory 
(APACT) to hydrogen fluoride. They proposed a monomer, dimer, trimer, hexamer, non- 
amer association scheme for HF, where the highest three oligomers where modelled as 
cyclic. In total five pure component parameters are required; three accounting for non- 
association interactions and two necessary for the calculation of the equilibrium constant 
for association. The pure component parameters were obtained by fitting to experimen- 
tal saturated vapour pressures and saturated liquid densities and a good correlation of 
these properties was obtained. Models for mixtures of HF with R12 (C2C12F2, dichlorod- 
ifluoromethane), R22 (CHC1F2i chlorodifluoromethane), R113a (C2F3C13, trichlorotriflu- 
oroethane) and HCl were developed, where the second component was modelled as non- 
associating. Azeotropic points were successfully described and liquid-liquid immiscibility 
was predicted for some mixtures, which the authors stated needed to be verified experi- 
mentally. 
Kao et al. (1995) proposed a monomer-hexamer association scheme to represent associ- 
ation interactions and the Peng-Robinson cubic equation of state (Peng and Robinson, 
1976) to describe physical interactions. They successfully described the maximum in the 
heat of vaporisation with respect to temperature. Lee and Kim (2001) also used the 
Peng-Robinson equation of state to describe physical interactions. However, they Used a 
monomer, dimer, hexamer, octamer association scheme, first proposed by Schotte (1980), 
to describe chemical interactions. Results of HF mixtures with various refrigerants cal- 
culated using the Wong-Sandler (Wong and Sandler, 1992) and van der Waals one-fluid 
(Lee, 1988) mixing rules were published. Lee and Kim (2001) obtained a good description 
of phase behaviour using the Wong-Sandler mixing rules. However, it should be noted 
that for both mixing rules new mixture parameters had to be estimated for each isotherm 
modelled. 
As an alternative to the chemical approach, the thermodynamic perturbation theory of 
Wertheim, discussed in section 2.3.3, can be used to model association interactions. The 
advantage of thermodynamic perturbation theories is that it is not necessary to specify 
all the oligomers formed and their distribution a priori. Instead, the association scheme is 
defined by specifying the number of association sites. In this approach only the structure 
of the oligomers, that is, linear chains, branched chains or rings, must be considered. 
Once the number of sites have been specified, up to 6 adjustable parameters are typically 
required for a pure component. They are usually obtained by fitting to pure component 
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vapour pressures and saturated densities. 
The first attempt to model hydrogen fluoride using SAFT was made by Galindo et al. 
(1997). Using SAFT-HS, where the dispersion interactions are treated at a mean field level, 
they developed a two-site model that accounts for the formation of linear chains in the 
liquid and vapour phases. The model was developed by fitting the parameters to saturated 
vapour pressures and gave a good representation of vapour pressures from the triple point 
to the critical point. However, the upward concave trend in the logarithmic Clausius- 
Clapeyron representation of vapour pressure was not captured. Visco and Kofke (1999b) 
later attempted to improve the parameterisation by obtaining SAFT-HS parameters from 
an HF potential model. By studying the energy contour plot of two planar HF molecules 
generated from a HF potential model Visco and Kofke (1999b) were able to determine 
the hard-sphere diameter and bonding volume, while a weighted average of the energies 
inside the bonding volume set the strength of association interactions. The mean-field 
energy was selected by considering a mean-field description of the fluorine-fluorine Lennard 
Jones interaction. Visco and Kofke (1999b) concluded that there was an improvement in 
the parameterisation of the HF model, although the performance of the model was still 
disappointing since it was unable to reproduce anomalies such as the upward concave 
behaviour of the logarithmic Clausius-Clapeyron description of vapour pressure. 
A comprehensive study was performed by Galindo et al. (2002) in which various SAFT-VR 
models for HF were developed and compared. A two-site model without rings, allowing 
for linear chain formation, two-site models with rings of either 4,5 or 6 monomers and a 
three-site model, allowing branched chain formation, were obtained from vapour pressures 
and saturated liquid densities. The investigation was limited to rings of 6 monomers, 
since as originally mentioned by Sear and Jackson (1994a), the effect on phase behaviour 
is less significant as ring size increases. Little difference was observed between a chain-only 
model and a chain-and-ring model with rings of 6 monomers or more. Ring formation is 
not accounted for in the first-order TPT implemented in SAFT-VR. However, following 
the work of Sear and Jackson (1994a), TPT1 was extended to allow the formation of rings 
as well as chains. It should be noted that the inclusion of rings in the summation of the 
densities significantly complicates the numerical solution. 
Examination of the vapour pressures calculated by the two-site model with and without 
rings revealed that only the two-site model with tetramer rings could reproduce the concave 
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upward trend in the logarithmic Clausius-Clapeyron representation. Furthermore the 
model with tetramer rings was the only ring model capable of qualitatively predicting 
the maximum in the heat of vaporisation with temperature, although, quantitatively, the 
agreement was poor. The saturated vapour volume is particularly difficult to describe. 
It was found that the best representation was with rings of 4 or 5 monomers, although 
these models still under-predicted the vapour volume at high temperatures. The three-site 
model also reproduced the concave upward curve in vapour pressure, as had the two-site 
model with tetramer rings. Better agreement of vapour volumes at high temperatures 
was also obtained, but vapour volumes at low temperatures were over-predicted with 
the three-site model, furthermore it was not possible to qualitatively predict a maximum 
in the heat of vaporisation with this model. In Galindo et al. (2002) the SAFT-VR 
models were compared with chain-only and chain-and-ring models using the improved 
association equation of state (AEOS) from Visco and Kofke (1999a). It was found that 
the AEOS model gave a better description of vapour volume and heat of vaporisation. 
However, it should be noted that the AEOS model contains more parameters and so is 
more complicated to extend to the modelling of mixtures of associating fluids, the objective 
of this work. 
Summary 
In summary, hydrogen fluoride has been studied in depth for nearly a century and yet 
points of view as to the structure of hydrogen fluoride in the liquid and vapour phase 
are still contradictory. Computer simulation as well as experimental studies have been 
performed and a large number of models for the structure of HF, particularly in the 
vapour phase have been proposed. In general, there is agreement that the vapour phase 
contains a significant number of cyclic oligomers while the liquid phase contains chain 
oligomers. However, the precise structure and distribution of the oligomers in each phase 
are not known conclusively. It is widely accepted that predictive models are required 
to model HF and its mixtures in order to minimise risky and costly experimental work. 
A number of attempts have been made to model HF via the chemical approach. The 
resulting models can successfully be used to represent HF but often, the large number of 
parameters and species involved makes it difficult to extend them to associating mixtures. 
The SAFT approach based on thermodynamic perturbation theories has also been used 
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to capture successfully the phase behaviour of HF. In addition, approaches using SAFT 
can easily be extended to model mixtures of HF with other associating species. 
The objective of this work is to develop thermodynamic models to describe the phase 
behaviour of HF and mixtures of HF with other associating species over a wide range of 
temperature and pressure conditions. The SAFT-VR approach has been chosen for this 
purpose, as previous studies have shown that a good description of phase behaviour can 
be achieved using only 6 adjustable parameters. Furthermore, the approach can easily 
be extended to mixtures. However, the formation of ring aggregates is not considered 
in this work, as the improvement in the description of phase behaviour is not sufficient 
to justify the additional computational complexity (Galindo et al., 2002). An improved 
parameterisation of the HF model is developed in this chapter. Both two-site and three- 
site association schemes are investigated. In chapter 5, mixture VLE properties are used 
to confirm the optimal association scheme. The SAFT-VR models developed in this work 
are compared to previously published SAFT-VR models where possible. 
4.2.2 Replacement refrigerants and their intermediates 
Chlorofluorocarbons (CFCs) were commonly used as refrigerants, blowing agents in poly- 
mer foam manufacture, cleaning agents in electronic circuit manufacture and in aerosols. 
However, due to their high ozone depletion potential (ODP) they were banned and re- 
placed by hydrofluorocarbons (HFCs), which do not contain chlorine and hence have zero 
ODP. The replacement refrigerants (HFCs) are made by reacting the original CFCs with 
hydrogen fluoride. Hydrochlorofluorocarbons (HCFCs) are the intermediates produced. 
HCFCs have also been used as replacement refrigerants, although they too are in the 
process of being phased out as they also contribute to the depletion of the ozone layer. 
From an industrial point of view it is important to know the thermodynamic properties of 
all of these chemicals and their mixtures for process simulation and design. There are two 
main challenges in modelling these chemicals: their polarity and their non-sphericity. Kao 
et al. (1995) compared the dipole moments of HFCs and the equivalent CFCs and the effect 
the dipole moment had on the normal boiling point. Their findings are reprinted in table 
4.3. They found that the HFCs have a large dipole moment, especially compared to the 
equivalent CFCs. Whereas the normal boiling points of the CFCs increase monotonically 
4. Pure component model development 117 
Table 4.3: The dipole moment and normal boiling point of HFCs and CFCs from fully fluorinated 
CF4 to methane and perchloromethane, reprinted from Kao et al. (1995). 
Compound Refrigerant no. Tb (C) Dipole moment (Debye) 
CF4 R14 -128 0 
CHF3 R23 -82.1 1.651 
CH2F2 R32 -51.7 1.978 
CH3F R41 -78.5 1.858 
CH4 R50 -161.2 0 
CF4 R14 -128 0 
CC1F3 R13 -81.4 0.50 
CC12F2 R12 -29.8 0.51 
CC13F Rl l 23.8 0.45 
CC14 R10 76.8 0 
as the number of chlorine atoms increases reflecting the increase in molecular weight, the 
boiling points of the HFCs are affected by their dipole moments. The normal boiling 
points of non-polar methane and perfluoromethane are lower than the boiling point of the 
polar intermediates. Furthermore, the non-sphericity of these molecules, such as R134a 
(C2H2F4), has an effect on repulsive interactions. It is difficult to obtain a consistent 
and physically-meaningful quantification of the non-sphericity, m, of refrigerants from 
optimisation. 
There is some debate in the literature as to the extent of association interactions between 
refrigerant molecules and a question as to whether weak hydrogen bonding interactions 
also occur. For example, this is illustrated by considering R23 (CHF3, trifluoromethane). 
A number of thermodynamic studies have been performed that indicate the presence of 
weak hydrogen bonding and association interactions. Rubio et al. (1989) compared liquid 
densities of CHF3 and CF4. They observed a clear curvature toward lower densities in 
the low temperature region for CHF3 which was not observed for CF4. Rubio et al. 
(1989) concluded that at low temperatures CHF3 tends to keep a more open structure, 
typical of hydrogen-bonded liquids. From analysis of second virial coefficients Belzile 
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et al. (1976) suggested the presence of molecular association, although based on their 
calculations they found that the degree of molecular association for R23 at 373 K. is 100 
times smaller than for substances such as methanol and acetone. Wirths and Schneider 
(1985) concluded that differences in upper critical solution temperature (UCST) points 
between CHF3 + alkane and CF4 + alkane mixtures were in part due to the self-association 
interactions between CHF3 molecules and dipole - induced dipole interactions between 
CHF3 and alkane molecules. On the other hand there exists some dynamic information 
that contradicts these conclusions. Prielmeier et al. (1984) measured the self-diffusion 
coefficient of R23 over a wide range of temperature and pressure conditions using an 
NMR technique. They found that their results could be explained quite accurately using 
a rough hard sphere model, indicating that R23 behaves as a simple non-associated fluid. 
Mort et al. (1997) compared the pair distribution functions calculated from neutron 
diffraction experiments and molecular simulations for R23 (CHF3) and suggested that 
hydrogen bonding did not occur in the liquid phase. 
Modelling studies for refrigerants 
Traditionally refrigerants and their mixtures have been modelled using cubic equations 
of state or activity coefficient models. Typically only two model parameters are required 
in cubic equations of state, although activity coefficient models generally contain more 
parameters. Many different mixing rules, containing typically between 1 and 3 adjustable 
parameters, have been proposed in the literature to correlate VLE properties of mixtures. 
If an equation of state is used to model the liquid and vapour phase, this is known as the 
0-¢ approach (0 referring to the fugacity coefficient). If an activity coefficient model is 
used to model the liquid phase and an equation of state is used to model the vapour phase, 
this is known as the ry -0 approach (y referring to the activity coefficient used to model 
the liquid phase and 0 to the fugacity coefficient). The advantage of the first approach is 
that the same set of parameters is used to describe the liquid and vapour phases and so 
the critical region can be modelled. In addition, other thermodynamic properties such as 
density and enthalpy can be obtained from the same equation of state model. A prediction 
of the critical point cannot be obtained using the y-O approach. Finally, a major drawback 
of using traditional cubic equations of state or activity coefficient models is that association 
interactions between molecules and the non-sphericity of the refrigerants are not accounted 
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for explicitly. This has partly been addressed by Kontogeorgis et al. (1996) who developed 
the cubic plus association (CPA) equation of state, where association interactions are 
explicitly modelled using the thermodynamic perturbation theory of Wertheim. 
Gow (1993) reviewed numerous studies on modelling refrigerants and their mixtures using 
cubic equations of state and activity coefficient models. He also proposed a modified Clau- 
sius cubic equation of state that contains 3 adjustable parameters, where the parameter 
describing attractive interactions is temperature-dependent. Parameters were reported for 
39 refrigerants. Average errors in saturated vapour pressure, saturated liquid and vapour 
molar volume of 6.9,37.7 and 12.7 % were reported for a set of 20 refrigerants. Gow (1993) 
observed a decrease in errors as temperature increased, although this is to be expected 
since the equation of state was designed to model the critical region. He concluded that 
the modified Clausius equation of state gives a poor description of saturated liquid den- 
sities. The VLE of refrigerant mixtures was calculated using the one-fluid van der Waals 
mixing rule. A single interaction parameter, which is a strong function of temperature, 
was required to describe non-ideality. Binary interactions parameters were able to predict 
well the boundary of the VLE region for a ternary refrigerant mixture. 
Orbey and Sandler (1995a) studied the VLE of refrigerants and their mixtures with other 
refrigerants and alcohols using the Peng-Robinson-Stryjek-Vera (PRSV) cubic equation 
of state by Stryjek and Vera (1986a), which contains a temperature-dependent attractive 
parameter. The focus of their work was studying how well four different mixing rules could 
correlate mixture data at a single temperature and then accurately predict phase behaviour 
at other temperatures with temperature-independent parameters. They considered the 
traditionally used one-parameter one-fluid van der Waals mixing rule (Lee, 1988), the 
three-parameter Wong-Sandler mixing rule (Wong and Sandler, 1992), an empirical, two- 
parameter mixing rule by Stryjek and Vera (1986b) and a new form of a two-parameter 
modified Huron-Vidal mixing rule by Orbey and Sandler (1995b). Orbey and Sandler 
(1995a) showed that the traditional one-fluid van der Waals mixing rule was not able to 
predict phase behaviour over a wide temperature range with temperature-independent 
parameters. They concluded that the excess free energy-based Wong-Sandler mixing rule 
consistently resulted in accurate prediction of phase equilibrium over a wide range of 
temperatures with temperature-independent parameters. 
A number of authors (Cho et al., 1998; Lee and Kim, 2001) have used the Associa- 
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tion Equation of State (AEOS), first proposed by Lencka and Anderko (1993), to model 
mixtures of HF with refrigerants. In all cases the refrigerants have been modelled as 
non-associating compounds. This means that they have effectively been modelled us- 
ing the Peng-Robinson (PR) equation of state. A particularly comprehensive study was 
performed by Baburao and Visco (2002) using the improved AEOS model (Visco and 
Kofke, 1999a). Again refrigerants were treated as non-associating and hence modelled 
using Peng-Robinson. Baburao and Visco (2002) studied binary mixtures of refrigerants 
with HF, employing the one-fluid van der Waals and Wong-Sandler mixing rules. Gener- 
ally they obtained smaller deviations from experimental data using the three-parameter 
Wong-Sandler mixing rules. In most cases Baburao and Visco (2002) were able to correlate 
mixture data using a single set of binary interaction parameters, although it should be 
noted that the temperature range for most mixtures studied was relatively small, around 
15 K. 
Recently, Feriou and Geana (2003) compared the performance of three different cubic 
equations of state in modelling volumetric and thermodynamic properties of refrigerants 
and their mixtures. In their study they considered Soave-Redlich-Kwong (SRK) (Soave, 
1972), Peng-Robinson (Peng and Robinson, 1976) and a general cubic equation of state 
with 3 parameters (GEOS3C) proposed by Geana and Feriou (1995,2000). Feriou and 
Geana (2003) concluded that vapour pressures and saturated volumes are better' repre- 
sented by GEOS3Q, with errors within a few percent, although the difference in perfor- 
mance was less noticeable for other properties. They found that GEQS3C predictions 
of binary mixture liquid densities and ternary mixture densities were generally better, 
although Peng-Robinson described binary mixture vapour phase densities better. 
In Kleiber (1994a) a number of refrigerant mixtures were correlated using different cubic 
equations of state, including PR, PRSV and SRK. Kleiber (1994a) found that correla, 
tions with PR, PRSV and SRK yielded similar results. In addition, he fitted UNIFAC 
interaction parameters to the mixture data. However, he found that the representation of 
the data was not satisfactory. As a result Kleiber (1994a) suggested that a more efficient 
group assignment was required to describe mixtures of refrigerants. 
Nishiumi et al. (1991) modelled a number of fluorocarbons using a virial-type equation 
of state, specifically the modified Benedict-Webb-Rubin (BWB) equation of state (Bene- 
dict et al., 1940; Starling and Han, 1972a; Starling and Han, 1972b; Nishiumi and Saito, 
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1975; Nishiumi, 1980). Good description of experimental data was obtained with abso- 
lute deviations in vapour pressure, PVT and enthalpy of the vapour phase less than 1 %, 
increasing to a few percent for PVT and enthalpy of the liquid phase, saturated densities 
and enthalpy of vaporisation. However, the applicability of this equation of state for indus- 
trial purposes is questionable because of the large number of parameters; 15 generalised 
coefficients of the virial expansion plus 5 polar parameters. 
A completely different, novel approach, not based on equations of state was taken by 
Chouai et al. (2002), who noted that the simultaneous representation of vapour-liquid 
equilibrium (VLE) and pressure-volume-temperature (PVT) data was not satisfactory 
with respect to experimental error. They investigated the potential application of artificial 
neural networks (ANN) to represent PVT data within experimental uncertainty. This is 
not a typical application of ANNs, which have mainly been used in process modelling, 
process control, fault diagnosis, error detection, data reconciliation and process analysis. 
The proposed ANN contains three layers: 
41 Input layer - scaled data, in this case temperature and pressure, is introduced to the 
network. 
" Hidden layer - has two functions; firstly, to sum weighted inputs connected to it and 
secondly, to pass resulting summations through a non-linear activation function to 
the output layer. 
" Output layer - the compressibility factor as a function of temperature and pressure 
is obtained as an output. 
Other thermodynamic properties, such as enthalpy and heat capacity, are related to the 
compressibility factor through classical thermodynamic equations and can be obtained 
from the compressibility factor computed by the ANN via numerical derivatives. From 
a practical point of view the successful implementation of this method requires many 
experimental data points and its predictive capability cannot be ascertained easily. 
Using non-associating cubic equations of state or activity coefficient models to describe the 
phase behaviour of refrigerants does not explicitly account for association interactions and 
the non-sphericity of the molecules. An alternative approach is the statistical associating 
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fluid theory. In SAFT the non-sphericity of refrigerant molecules is accounted for via the 
chain term, which is based on the thermodynamic perturbation theory of Wertheim. In 
some recent versions of SAFT polarity is accounted for explicitly (Walsh et al., 1992; Jog 
and Chapman, 1999; Tumakaka and Sadowski, 2004; Gross and Vrabec, 2006; Karakatsani 
et al., 2005; Zhao and McCabe, 2006). However, this typically involves the addition of 
some parameters, such as the dipole moment, which are state dependent. As explained 
in section 2.4.2, in many versions of SAFT, polar interactions are treated effectively as 
dispersion interactions since a Boltzmann averaging of the dipole-dipole interaction energy 
over all orientations leads to an angle-averaged potential, known as the Keesom potential, 
which has the same functionality as dispersion interactions. Association sites are also 
often included to model the clusters formed due to the strong dipole moments and weak 
hydrogen bonds of the refrigerants. von Solms et al. (2004) also concluded that polar 
compounds should be modelled as associating when considering their phase equilibrium. In 
the remainder of this review the attempts to model refrigerants using the various versions 
of SAFT are discussed. 
Galindo et al. (1997) used SAFT-HS to model the refrigerants R32 (CH2F2, difluo- 
romethane) and R134a (C2H2F4,1,1,1,2-tetrafluoroethane). Two association sites were 
used to capture the fact that both of these molecules are polar, although it is not clear if 
they form hydrogen bonds or not. R32 was assumed to be spherical like methane and so 
m=1. R134a was modelled as non-spherical with an m of 1.35, which was obtained from 
discrete optimisation to experimental data, although the authors pointed out that it was 
important to retain some physical meaning in the quantification of non-sphericity. For 
example, the differences in size and non-sphericity between various refrigerant molecules 
should be reflected in relative values of the non-sphericity parameter m. In addition, 
agreement with previously studied molecules such as the alkane family is desirable. Good 
description of pure component vapour pressures and saturated liquid densities were ob- 
tained. The phase behaviour of refrigerant and HF mixtures were successfully reproduced 
over a wide range of conditions by fitting only two adjustable mixture parameters (612 and 
612B). 
In subsequent work by Galindo et al. (1998b) the refrigerants R32, R134a and R125 
(C2HF5, pentafluoroethane) and their mixtures were modelled using SAFT-VR. Again all 
models included sites and the non-sphericity of R134a and R125 was taken into account 
through m values greater than 1 in the chain term. In an approach similar to that of 
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Galindo et al. (1997) m was obtained from discrete optimisation to experimental data 
and the importance of retaining a physically meaningful value was highlighted. Excellent 
description of pure component vapour pressures and saturated densities was obtained. 
By optimising two mixture parameters (e12 and e{ B) to a single isotherm the azeotrope 
exhibited by the mixture R32 + R125 was successfully captured. Predictions of other 
isotherms also described the experimental data well, although it should be noted that 
the predicted trend in azeotropic composition with temperature did not appear to be 
exhibited by the experimental data. The VLE of mixtures R32 + R134a and R125 + 
R134a were successfully predicted over a wide temperature range without the need to 
adjust any mixture parameters. 
The most extensive study of refrigerants and their intermediates using the SAFT approach 
has been performed by Swaminathan and Visco (2005a). They developed SAFT-VR mod- 
els for 49 pure refrigerants, including hydrofluorocarbons (HFCs), hydrochlorofluorocar- 
bons (HCFCs), chlorofluorocarbons (CFCs), chlorinated hydrocarbons (CHCs), perfluoro- 
carbons (PFCs), hydrofluoroethers (HFEs), hydrocarbons (HCs) and fluoroiodides (HIs). 
The non-sphericity parameter m was again fitted to experimental data. However, the 
physical meaning of the m values is questionable. For example, some large molecules 
such as HFC245 (CH3CF2CF3) and HFC245fa (CF3CH2CHF2) were modelled as almost 
spherical with m=1.0743 and 1.0400 respectively, while other similarly long molecules 
such as HFC236fa (CF3CH2CF3) were modelled as highly non-spherical with m=3.6092. 
A two-site association scheme was proposed for all refrigerants that had a non-zero dipole 
moment, irrespective of their molecular structure. In their companion paper, Swaminathan 
and Visco (2005b), modelled many binary refrigerant mixtures by adjusting a single binary 
interaction parameter (k12) per binary mixture. For systems where experimental data over 
a range of isotherms or isobars was available k12 was fitted for each isotherm or isobar and 
an average value was finally reported. Relative %AADs in temperature or pressure were 
typically within 1 %. An attempt to transfer k12 values between refrigerant mixtures was 
reasonably successful showing agreement with experimental data where available. 
Kiselev and Ely (2000) developed pure component and mixture models for a number of 
refrigerants using crossover SAFT. However, the focus of their work was correlation of 
the critical point, rather than quantification of association interactions or non-sphericity. 
Consequently, they modelled the refrigerants as non-associating and obtained the non- 
sphericity parameter by optimising to saturated pressure and liquid density data. 
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Recently, many versions of SAFT that treat polar interactions explicitly have been pro- 
posed in the literature. However, studies using polar versions of SAFT have tended to focus 
on modelling alcohols, ketones, ethers and esters, although a small number of refrigerants 
were modelled using PCP-SAFT in Kleiner and Sadowski (2007). PCP-SAFT contains 
the dipole moment as an additional parameter, which in their work was obtained from 
literature. However, for less commonly studied refrigerants and intermediates, obtaining 
experimental dipole moments from the literature may pose a problem. The remaining 
parameters, including non-sphericity, were optimised to vapour pressure and saturated 
liquid density. 
Model parameters from quantum mechanics 
In order to address the difficulty in obtaining a physically meaningful value for the non- 
sphericity parameter, Sheldon et al. (2006) developed a method for obtaining m and 
the segment size a from quantum mechanical calculations. The size parameters were 
obtained from the dimensions of the largest box that encases the electron density cloud of 
the molecule and the volume of the electron density cloud. These properties are related 
to the SAFT parameters by assuming that the SAFT molecule can be represented by a 
spherocylinder. Further discussion of this method can be found in section 4.3. In the 
original work, the method was tested on a diverse set of molecules including R134a and 
R23. 
Other authors have also investigated the use of quantum mechanics to obtain some molecu- 
lar parameters and so make equations of state more predictive. In Singh et al. (2007) quan- 
tum mechanical calculations were performed to obtain the dipole moment, quadrupole mo- 
ment, dipole polarisability and dipole-dipole dispersion coefficient of a range of molecules 
including a selection of refrigerants. In a subsequent parameterisation of refrigerants using 
PCP-SAFT by Leonhard et al. (2007) the dipole and quadrupole moments determined 
from quantum mechanics were used. The remaining pure component parameters were 
obtained by fitting to experimental vapour pressure, saturated liquid volume and critical 
data. In order to study mixtures, a new combining rule for the dispersion energy was pro- 
posed, which includes the dipole-dipole dispersion coefficients determined from quantum 
mechanics. 
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Summary 
Early attempts to model refrigerants using cubic equations of state did not account for their 
polarity and non-sphericity and so the predictive capability of the models developed is lim- 
ited. Generally cubic equations of state are capable of describing pure component proper- 
ties well, although the model parameters typically include some temperature-dependence. 
Furthermore, extension to refrigerant mixtures requires temperature-dependent mixture 
parameters, which are typically not necessary for SAFT models. The SAFT approach has 
been successful in modelling a wide range of refrigerants and their mixtures with other 
refrigerants and HF. Although the polarity is not accounted for explicitly in most SAFT 
models, association sites are typically included in the models to account for the anisotropy 
of the dipole or weak association interaction. A difficulty in modelling refrigerants is de- 
termining a physically meaningful value of the non-sphericity, which maintains consistency 
with previously developed models for other compounds such as alkanes. Sheldon et al. 
(2006) proposed a method of obtaining SAFT size parameters from quantum mechanics, 
which addresses this problem. 
In this work SAFT-VR models for a selection of replacement refrigerants and intermedi- 
ates, shown in figure 4.1, are developed. Various association schemes are investigated. In 
order to obtain a consistent and physically meaningful description of the non-sphericity 
of refrigerants, m is specified according to quantum mechanics. The reliability of using 
quantum mechanics to obtain the non-sphericity parameter is tested by comparing models 
with m determined from parameter estimation and quantum mechanics. A comparison 
with models where both non-sphericity (m) and segment size (o) have been determined 
from quantum mechanics is also made for some refrigerants. Finally, comparisons with 
previously developed SAFT-VR models are also made. 
4.3 Formulation of the parameter estimation problem 
The first step in developing a SAFT-VR pure component model is to specify the molecular 
model. This is done by specifying the number of site types (e. g. a and b) and the number 
of sites of each type (e. g. a three-site model consisting of one site of type a and two sites 
of type b). 
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Figure 4.1: Schematics of the replacement refrigerants and intermediates studied in this 
work. R134a (1,1,1,2-tetrafluoroethane), R23 (trifluorornethane), 8122 (1,2,2-trichloro-1,1- 
difluoroethane), Ri112a (1,1-dichloro-2,2-difuoroethene), 81111 (trichlorofluoroethene) and 
R1110 (tetrachloroethene). The different atoms are represented by the following colour scheme: 
blue - carbon, red - hydrogen, green - fluorine and pink - chlorine. 
A difficulty in developing pure component models is determining a physically meaningful 
value for the non-sphericity parameter in. In the case of small, nearly spherical, molecules 
such as water (Clark et al., 2006), methane (Jackson and Gubbins, 1989) and hydrogen 
fluoride (Galindo et al., 2002) a spherical molecule is assumed and in is fixed to 1. For 
refrigerant molecules it is more difficult to intuitively define a physically reasonable value 
for m. As a result m is often fitted to experimental data. In Galindo et al. (1998b) m 
was specified to a certain value and the remaining SAFT-VR parameters were fitted to 
saturated vapour pressures and saturated liquid densities. This procedure was repeated 
for a number of different values of in and hence it can be considered that m was obtained 
from discrete optimisation. In Swarninathan and Visco (2005a) m was included together 
R134a K ILL 
K1112a 
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with the remaining SAFT-VR parameters in the formulation of the parameter estimation 
problem. However, this can lead to significant variation in the values of in obtained. 
In this work the non-sphericity of refrigerant molecules and other non-spherical molecules 
has been determined from quantum mechanical calculations. The method was first pro- 
posed by Sheldon et al. (2006) and later in Giner et al. (2008). The approach is sum- 
marised here; further details can be found in the original publications. In order to obtain 
SAFT size parameters from quantum mechanics a mapping is required to translate the 
complex quantum mechanical representation of a molecule into the SAFT model. Shel- 
don et al. (2006) assumed that the SAFT molecule is represented by a spherocylinder of 
diameter Q, length m o, and hence aspect ratio m, as shown in figure 4.2a. There are a 
number of quantities that can be obtained from the quantum mechanical representation of 
the molecule, which can be used to derive the SAFT size parameters, for example, surface 
area, volume or length. Sheldon et al. (2006) found that volume and aspect ratio worked 
best. In order to compute the electron-density cloud, the molecule in its lowest energy 
conformation is enclosed in a box large enough to contain all the spatial positions above 
a certain electron density threshold. The box is divided into small cubes and the electron 
density of each cube is computed using the Restricted Hartree-Fock formalism (Jensen, 
1998). The total quantum mechanical volume (v(cAj) of the molecule is obtained by sum- 
ming the volume of all the cubes above a specified threshold. The aspect ratio is then 
obtained from the ratio of longest to shortest lengths (lýýýy(st and lshortest, respectively) of 
a box that can fully encase the electron density cloud of the molecules, as shown in figure 
4.2b. Thus, m= llongest/lshortest" In addition, a can be obtained from the quantum me- 
chanical volume of the electron density cloud and aspect ratio according to the following 
equation (Sheldon et al., 2006) 
_ 
4vQm 
7r(rn - 1/3)] 
1/3 
(4.1) 
In this work m is obtained from quantum mechanics but a is optimised to experimental 
data. The quantum mechanical computational parameters, such as the threshold of elec- 
tron density, were tuned so that SAFT-VR parameter values were consistent with those 
obtained in previous models via comparisons with experimental vapour pressure and sat- 
urated liquid density data for ethane and n-octane. The method was originally tested on 











Figure 4.2: (a) In order to obtain SAFT size lrirainclers frunii quaulniii i ccliouiies it, is a suiiued 
that the SAFT molecule can be represented by asplicruc"yIiu(ler of (IiaiiCter a, length 7Ha and 
aspect ratio in,. (h) The aspect, ratio i5 ciiitaiued 110111 the longest 0111(1 shortest lengths, of the box 
that fully eii( ses the computed clc(lruu density ("1(01(1. 
Table 4.4: The dimensions of the smallest box that ºau encase the electron density c1uºul of the 
ºiºulecººk' auºI the ºtuouºtnººº ººuechauical Volume of the ºººoleº"ºtle for the systems titºººlieº1 ill this work. 
'I'll(, resulting SAFT-VR size parallicteis are also reported. cº, and b refer tu Sheldon ct al. (2006) 
and Giner et, a1. (2008) respectively. 
Compound I/ ni(ji, st tiiie illm 1shol-If . 5r z'QA! i1lQA! °2«' 
Source 
R 13,1 ,1 6.18 4.90 4.81 601.9 1.28.15 . 1.3355 u 
1123 4.88 . 1.62 3.91 39.7 1.2481 3.8089 0 
11.122 7.23 6.12 5.28 99.3 1.3693 4.9602 b 
ß 111() 7.32 7.18 3.52 99.8 2.0795 4.1715) b 
ß. l 111 7.20 6.38 3.53 88.49 2.0397 10 119 b 
11.1112a 6.18 5.93 3.53 77.17 1.7507 4.1080 b 
Dilxurahic 5.15 4.12 3.91 51.39 1.3171 1.0516 b 
Cyclopropane 4.84 4.54 3.95 52.85 1.2253 4.2254 b 
a number of alkanes, refrigerants, small non-associating molecules and water. The diiiieºº- 
5ions of the tiºu; ºllest box that can encase the electron density cloud of the molecule and 
the qua. iitºnu ºººeclºaººical volºººue of the molecule for the coiiipoiuºº15 studied in this work 
are presented in table 4.4. 
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By fixing m to a physically meaningful value it is easier to determine the remaining 
SAFT-VR parameters, o, c, A and, in the case of association, EHB and r,, with statistical 
accuracy. Their values are obtained by fitting to experimental vapour pressure P, and 
saturated liquid density Pliq. The minimisation problem is formulated in terms of a relative 
least-squares objective function 
NP pP-Pv ilc(m, sites, o,, E, A, EHB, r )12 
min V'i fobj = pexp + ýa cHB ýr i =1 v+2 
[PIiQJ_ 







where NP and Np are the number of saturated vapour pressure and saturated liquid 
density experimental data points respectively, the superscripts exp and °aic indicate exper- 
imental or calculated values and sites refer to the fact that the calculated thermodynamic 
property is a function of the specified molecular model. Equal weight is given to the vapour 
pressure and liquid density data. As with any other analytical equation of state, SAFT- 
VR cannot describe the critical region and low temperature saturated densities with a 
single set of parameters. In this work the sub-critical region is of interest. Therefore, only 
data points within 90 `% of the critical temperature were included in the optimisation. 
Minimisation of the objective function is carried out using a stochastic global search which 
combines simulated annealing and a simplex method. Further details can be found in 
Press et al. (1986). Although this technique is superior to other standard techniques, see 
Behzadi et al. (2005), it is still dependent on initial guesses and the size of the search 
domain. To ensure that a solution close to the global minimum is found the optimisation 
is repeated with a number of different initial guesses. 
In some cases a discretised stochastic global optimisation search was performed following 
the method proposed by Clark et al. (2006). As well as specifying in, the strength of the 
dispersion energy e, and of the association energy fHB, were fixed, thus reducing the de- 
grees of freedom in the problem. A large number of optimisations was performed, covering 
a wide range of dispersion and association energies. This allowed a better understanding 
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of the objective function space, and of the correlations between the parameters. It helped 
to identify the global minimum and to ascertain whether solutions with similar parameters 
but different parameter values exist. 
A number of different molecular models were investigated for each system studied. The op- 
timal molecular model was chosen on the basis of lowest objective function, complemented 
by an analysis of the types of interactions occurring between molecules. In some cases, 
mixture VLE data were used to verify further the choice of optimal molecular model, as 
discussed in chapter 5. To assess how well the SAFT-VR models describe phase behaviour, 
the relative %AADs for vapour pressure and saturated liquid density are analysed. The 
relative %AADs of SAFT-VR predictions from experimental saturated vapour densities, 
which were not included in parameter estimation, are also examined. 
4.4 SAFT-VR models for pure components 
4.4.1 Hydrogen fluoride 
Before the SAFT-Vß, models for hydrogen fluoride are presented the experimental VLE 
data included in parameter estimation is examined. As far as possible, an effort has been 
made to use experimentally measured data, as opposed to correlated data. A number 
of different sources, covering a wide range of conditions, were found in the literature. 
Older data sets, such as the low temperature vapour pressure measurements of Simons 
and Hildebrand (1924) and saturated liquid densities of Simons and Bouknight (1932), 
were ruled out because it was found that the measurements were quite scattered. The 
data of Vanderzee and Rodenburg (1970), used in the parameterisation of the models in 
Galindo et al. (2002), were also ruled out as they were a collection of older experimental 
data from the literature. In addition, the regularity of the data points suggested that they 
were correlated data. 
In table 4.5 details of the saturated vapour pressures and liquid densities used in param- 
eter estimation and the saturated vapour densities used in the evaluation of %AADs are 
reported. It should be noted that although many of these sources included data points 
above 90 % of the critical temperature these were not included in parameter estimation. 
The data provided by Ineos Fluor Ltd. (2004) are correlated. However, they are based on 
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Table 4.5: Details of the experimental data included in the parameterisation and evaluation of 
the HF models. The `No. points' column indicates the number of data points used in parameter 
estimation and the numbers in brackets indicate the number of additional data points above 90 % 
of the critical temperature, excluded from parameter estimation but shown in figure 4.3. In the 
`T range' column the full temperature range of the data is reported, although only data within 
the range 243.15 - 413.15 K was used in parameter estimation. The * indicates that the data were 
correlated. 
Source Variable No. points T range (K) 
Jarry and Davis (1953) PV 22 273.16 - 378.16 
Franck and Spalthoff (1957) P,,, PI 13 (+9) 293.15 - 461.15 
Franck and Spalthoff (1957) p (+9) 423.15 - 461.15 
Sheft et al. (1973) P 14 273.18 - 303.10 
Sheft et al. (1973) pl 19 272.99 - 295.70 
Santacesaria et al. (1993) P 6 307.15 - 371.15 
Wilson and Wilding (1994) P 6 243.15 - 393.15 
Ineos Fluor Ltd. (2004) P, * 26 (+8) 253.15 - 457.15 
Ineos Fluor Ltd. (2004) pi 9 pv 13 (+8) 293.15 - 457.15 
many reliable experimental values and so were also included in the parameter estimation. 
Finally, the saturated vapour density data from Jarry and Davis (1953) are also correlated, 
and are only used to evaluate the %AADs of SAFT-VR predictions and not in parameter 
estimation. 
In table 4.6 the two-site (HF2) and three-site (HF3) SAFT-VR models for HF developed 
in this work are presented. As in previous studies it was assumed that HF is a spherical 
molecule with m=1. The parameters for the two-site and three-site models from Galindo 
et al. (2002), the two-site and three-site models from Grice (1999) and the two-site model 
from Juwono (1998) are also reprinted for comparison. In this chapter the SAFT-VR 
parameters obtained in this work are reported to six significant figures, such a high number 
of significant figures is justified considering the narrow confidence intervals obtained in 
section 6.4. The parameters of the SAFT-VR models reported in the literature are reported 
with the same degree of accuracy as in the original source. A quantitative evaluation of 
all of these models in terms of objective function and overall %AADs is presented in 
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Table 4.6: The two-site and three-site HF models obtained in this work, denoted by ". Other 
literature models are also reprinted, sources as follows; bGalindo et al. (2002) (AG), `Grice (1999) 
(SG) and dJuwono (1998) (J). Parameter values of literature models are reported to the accuracy 
listed in the relevant sources. 













1 2.8544 167.72 1.485 
1 2.9 192.6 1.439 
1 2.88071 124.461 1.79781 1751.86 2.88071 1.00000 
1 2.815 101.31 1.8 2033.0 2.815 1.0 
1784.9 2.58066 0.9041 
1713.0 2.6361 0.909 
HF-2SGc 213.069 121.7 1.75 1811.0 3.066 0.999 
HF-2Jd 213.638 463.0 1.385 623.0 3.085 0.848 
table 4.7. It should be noted that the experimental data included in the development 
of the literature models was not the same as the data used in this work. Therefore, 
higher objective functions and %AADs for the literature models are expected. Finally, 
the SAFT-VR calculations of the HF2 and HF3 models developed in this work, compared 
to the experimental data detailed in table 4.5, are shown in figure 4.3. The vapour pressure 
curve (figure 4.3a) illustrates how well the SAFT-VR models describe the saturated vapour 
pressure at high temperatures, while the logarithmic Clausius-Clapeyron representation of 
vapour pressure (figure 4.3b) illustrates the fit of the SAFT-VR models to vapour pressure 
at low temperatures. From the T-p space (figure 4.3c) the fit of the SAFT-VR model to 
liquid phase densities is observed, while the T-v space (figure 4.3d) illustrates how well 
the SAFT-VR models describe vapour phase molar volumes. 
From the objective function and overall AADs in table 4.7 and the SAFT-VR calcula- 
tions in figure 4.3 it is clear that the HF3 model gives a much better description of the 
experimental data than other models. A significant improvement in the description of the 
saturated liquid densities is observed with the HF3 model. Furthermore, the HF3 model 
only slightly over-predicts the critical point, compared to the large over-prediction by the 
HF2 model. From figure 4.3b, the Clausius-Clapeyron representation of vapour pressure, 
it can be seen that both the HF2 and HF3 models capture the upward concave curvature. 
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Table 4.7: The objective function and overall %AADs for vapour pressure P0, saturated liquid 
density pj, combined vapour pressure and saturated liquid density P&pj and saturated vapour 
density p for the two-site and three-site HF models developed in this work' and published in 
bGalindo et al. (2002), cGrice (1999) and dJuwono (1998). 
Model sites fobj Pv (%) pA (%) P&pt (%) Pv (%) 
HF3a 3 0.015779 1.03 0.15 0.67 35.55 
HF-3AGb 3 0.018580 1.20 0.53 0.93 39.26 
HF-3SGc 3 0.019736 1.09 0.82 0.98 41.19 
HF24 2 0.090091 1.72 3.01 2.25 47.55 
HF-2AGb 2 0.582819 7.70 3.91 6.15 33.42 
HF-2SG° 2 1.993506 2.25 20.72 9.81 38.98 
HF-2Jd 2 5.098044 3.10 32.98 15.33 63.36 
The three-site model of Galindo et al. (2002) also reproduced the upward curvature, but 
their two-site model did not. The parameterisation in this work has improved the two-site 
model so that this anomalous trend in HF phase behaviour is reproduced. However, it 
should be noted that in the HF2 model rc* is at the upper bound of 1. The parameter A, 
describing the range of dispersion interactions, is also very close to its upper bound of 1.8. 
As previously mentioned it is particularly difficult to describe the saturated vapour prop- 
erties of HF. From figure 4.3c, it can be seen that although both models give a reasonable 
description of the vapour density this could be improved further. This is best observed by 
considering the saturated vapour volume, shown in figure 4.3d. The HF3 model under- 
predicts volumes at high temperatures and over-predicts volumes at low temperatures. 
The HF2 model over-predicts the vapour volume at all temperatures with the greatest 
deviations at low temperatures. The poor description of the vapour phase molar volumes 
is reflected in much higher %AADs. It should, however, be noted that saturated vapour 
densities were not included in the parameter estimation and therefore the %AAD for satu- 
rated vapour density is based on SAFT-VR predictions. Possible ways to improve further 
the description of vapour phase volumes are discussed later in this section. 
The SAFT-VR models for HF developed in this work are compared with previously pub- 
lished models in table 4.7. Both Grice (1999) and Galindo et al. (2002) arrived at the 
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Figure 4.3: Phase diagrams for the HF2 (dotted curve) and HF3 (continuous curve) SAFT-VR 
models, symbols represent experimental data (a) P-T space, (b) logarithmic Clausius-Clapeyron 
space, (c) T-p space and (d) T-v space. Experimental data in (a) and (b) from Ineos Fluor Ltd. 
(2004), Franck and Spalthoff (1957), Sheft et al. (1973), Wilson and Wilding (1994) and Santace- 
saria et al. (1993). Experimental data in (c) and (d) from Ineos Fluor Ltd. (2004), Franck and 
Spalthoff (1957), Sheft et al. (1973) and Jarry and Davis (1953). 
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same conclusion as in this work, i. e. that a three-site model gives a better description 
of hydrogen fluoride. The HF3 model obtained in this work shows an improvement over 
the previously published three-site models. In addition, the parameterisation of the two- 
site model in this works shows a significant improvement over the previously developed 
two-site models. 
In order to understand further the parameter space of the three-site HF model a discrete 
global optimisation calculation was performed as originally described in Clark et al. (2006). 
In this calculation the strength of dispersion (e) and hydrogen bonding (EHB) energies are 
fixed, while the remaining parameters o, A and r, are optimised. Dispersion energies 
ranging from 70 to 600 K and hydrogen bonding energies ranging from 1000 to 2525 K 
were investigated. The objective functions and overall vapour pressure and saturated 
liquid %AADs were analysed in terms of a contour plot. In figure 4.4 an inset of the 
contour plot for the overall %AADs is presented. Although the objective function and 
%AADs do not have the same mathematical form, the contour plots obtained for both 
are very similar. The %AAD contour plot is presented since it is easier to understand the 
fit of the model to experimental data in terms of percentage errors as evaluated by the 
%AADs as opposed to the objective function. 
From figure 4.4 it can be observed that there is a narrow elongated region of parameter 
sets that describe the phase behaviour of HF with an overall %AAD less than 1 %. The 
global minimum on the discretised surface is at a low dispersion energy and high hydrogen 
bonding energy, more precisely e/k = 120 K, 6HB/k = 1925 K with an overall %AAD 
of 0.69 %. There is also a local minimum at high dispersion and low hydrogen bonding 
energy, more precisely e/k = 280 K, eHB/k = 1475 K with an overall %AAD of 0.80 %. 
These values can be compared to the HF3 model presented in table 4.6, which has ¬/k = 
111.122 K, 6HB/k = 1956.55 K and %AAD = 0.67 %. Since the HF3 model has similar 
parameter values to that of the global minimum of the discretised %AAD surface, but a 
lower overall %AAD, the HF3 model is adopted in this work. 
As already mentioned in section 4.2.1, strong association between HF molecules in the 
vapour phase occurs. As a result a maximum in heat of vaporisation and gaseous heat 
capacity is observed. It is often of industrial interest to be able to describe the caloric 
properties of HF. The heat of vaporisation and heat capacity predicted by the HF3 model 
compared to experimental data are shown in figures 4.5 and 4.6 respectively. 






















Figure 4.4: The `%, AAD contour plot for three-site HF models. M1 marks the global minimum of 
the matrix at c/k = 120 K, c"3/k = 1925 K, %AAD = 0.69 (YO. M2 marks a local minimum at 
c/k = 280 K, c"13/k = 1475 K, %AAD = 0.80 %. 
From figures 4.5 and 4.6 it is clear that the HF3 model cannot reproduce the anomalous 
caloric properties of HF. This is in agreement with Galindo et al. (2002), where the heat 
of vaporisation predictions were also investigated. Galindo et al. (2002) found that only 
the two-site model with tetramer rings could predict qualitatively the maximum in heat 
of vaporisation, although the quantitative agreement was poor. The three-site model and 
other two-site models with and without rings developed in Galindo et al. (2002) did not 
predict a maximum in heat of vaporisation. They suggested that this was because the 
larger vapour volumes were over-predicted by the SAFT-VR models. In figure 4.6 there is 
a large deviation between the experimental heat capacity and the model predictions. Just 
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Figure 4.5: The heat of vaporisation of HF. The curve represents predictions from the HF3 model, 
open squares represent smoothed data from Jarry and Davis (1953), open triangles represent data 
from Franck and Spalthoff (1957) and filled triangles represent interpolations made by Franck and 
Spalthoff (1957) between the two sets of data. 
after saturation, the vapour phase heat capacity exhibits a maximum. As the temperature 
increases there is a great reduction in the vapour phase heat capacity. From the inset in 
figure 4.6b, it can be seen that at conditions away from vapour-liquid equilibrium there is 
better agreement between the SAFT-VR model predictions and experimental data. 
Some chemical models such as the AEOS model of Visco and Kofke (1999a) can reproduce a 
maximum in the heat of vaporisation as shown in Galindo et al. (2002). However, it should 
be noted that these models contain many more adjustable parameters than the SAFT-VR 
models. As a result they are difficult to extend to mixtures, one of the objectives of this 
work. Often it is assumed that in mixtures with HF the other species are non-associating, a 
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Figure 4.6: The heat capacity of gaseous HF, (a) shows the entire C, range, (b) is an inset. The 
curves represent the HF3 model predictions; continuous curve at 0.096MPa and dotted curve at 
0.031MPa. The symbols are the data of Franck and Meyer (1959), asterisks at 0.096MPa and open 
squares at 0.031MPa. 
crude approximation for some of the mixtures studied in this work, presented in chapter 5. 
Both the HF3 and HF2 SAFT-VR models developed in this work describe the phase be- 
haviour of HF very well over a wide range of temperature and pressure conditions, although 
it is clear that the HF3 model is superior. However, both SAFT-VR models show some 
shortcomings in the description of vapour phase molar volumes, as also was observed by 
previous workers. In addition, neither model is able to capture the anomalous behaviour 
in heat of vaporisation and vapour-phase heat capacity, as was the case in previous work. 
A number of possible amendments to the theory could be made to try and improve the 
description of these properties. The most obvious route is to include ring formation in the 
theory, as it is clear from the review in section 4.2.1 that a significant number of cyclic 
oligomers form in vapour phase HF. However, in a previous study by Galindo et al. (2002), 
the inclusion of rings only partially improved the description of vapour phase molar vol- 
umes and the prediction of heat of vaporisation. This indicates that other amendments 
to the theory should be investigated. Future work could involve treating hydrogen bond- 
ing in HF as a cooperative effect. This means treating the monomer-monomer energy 
differently from the dimer-monomer energy. For HF this would be justified since the 
hydrogen bonding interaction between two monomers is so strong it would result in the 
250 300 350 400 
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electron structure of the dimer being very different from the `superposition' of the elec- 
tron structures of two free molecules. The cooperative effect has been examined in terms 
of a thermodynamic perturbation theory by Sear and Jackson (1996) and this could be 
implemented into SAFT-VR. 
Recently the SAFT-VR Mie equation of state has been proposed by Lafitte et al. (2006). 
Instead of assuming a hard-core square well potential, a soft-core Mie potential is assumed 
to represent the repulsion - attraction interactions of the monomer segment. In SAFT- 
VR Mie the range of the repulsive interaction as well as the attractive interaction can be 
optimised, although the range of the attractive interaction is typically fixed. In Lafitte 
et al. (2007) SAFT-VR Mie was used to model alcohols, in which association interactions 
also have a significant effect on thermodynamic properties. To improve the description of 
derivative properties such as speed of sound and heat capacity, these derivative properties 
were included in parameter estimation. Pure component parameters were obtained by 
optimising to vapour pressure, saturated liquid densities, heat of vaporisation, compressed 
liquid density and speed of sound data. The heat capacity was predicted and found to 
give good agreement to experimental data, quantitatively reproducing the maximum in 
heat capacity. Following on from the results in Lafitte et al. (2007) it would be of a 
great interest to develop a SAFT-VR Mie model for HF. Furthermore, including caloric 
properties in the parameterisation of a SAFT-VR or SAFT-VR Mie model could also 
result in significant improvement in the description of caloric properties. 
In conclusion, two-site (HF2) and three-site (HF3) SAFT-VR models for HF have been 
developed, both of which successfully describe the phase behaviour of HF. It is clear that 
the HF3 model gives a better representation of the experimental data, although this needs 
to be confirmed by studying the VLE of mixtures containing HF. Furthermore, this is in 
agreement with previous SAFT-VR studies on HF and also the conclusion of Deraman 
et al. (1985) who compared the pair correlation function of liquid HF obtained from 
neutron diffraction experiments and computer simulation studies. The parameterisation 
of the SAFT-VR models has been improved in this work, with more experimental data 
points included in model development. An investigation of the objective function space 
confirmed that the parameters of the HF3 model were in the region of the global minimum. 
Shortcomings in the prediction of the vapour phase molar volumes, as well as more severe 
deficiencies in the prediction of heat of vaporisation and gaseous heat capacity have been 
observed. Improvements to the theory and parameter estimation have been suggested to 
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obtain a better representation of these properties. 
4.4.2 R134a 
The replacement refrigerant R134a (C2H2F4i 1,1,1,2-tetrafluoroethane) is one of the most 
commonly used replacement refrigerants; a schematic of the molecule is shown in figure 
4.1. It is used as a domestic refrigerant and as a plastic foam blowing agent as well as in 
other industrial applications. R134a has zero ozone depletion potential (ODP) and was 
introduced in the early 1990s as a replacement for R12 (CC12F2, dichlorodifluoromethane). 
R134a is strongly polar, with a dipole moment of 1.80 Debye, comparable with the dipole 
moments of HF (1.83D) and water (1.85D) (Baburao and Visco, 2002). As a consequence 
of the strong polarity of R134a the inclusion of association sites in SAFT-VR models is 
justified. 
As a result of the recent interest in R134a as a replacement refrigerant many experimental 
studies have been performed in the last 20 years. Consequently, there were many data 
sources available in the literature. However, it should be noted that many authors cor- 
related their experimental measurements. Therefore, some of the data used in parameter 
estimation are correlated data based on experimental studies, rather than the preferable 
raw experimental measurements. Pull details of the data included in parameter estimation 
and model evaluation are given in table 4.8. 
In this work two-site (R134a-2Q) and three-site (R134a-3Q) models for R134a were devel- 
oped. In both cases the non-sphericity parameter m, was specified according to quantum 
mechanical calculations in Sheldon et al. (2006). The models developed in this work 
were compared to the models of Sheldon et al. (2006), who developed a two-site model 
(R134a-2Qa) with both m and o specified according to quantum mechanics. For com- 
parison, Sheldon et al. (2006) also developed a two-site model (R134a-2S) where m was 
obtained from fitting to data. For further comparison a three-site model (R134a-3) with m 
obtained from optimisation was developed in this work. Other two-site models for R134a 
were found in Galindo et al. (1998b) (R134a-2G) and Swaminathan and Visco (2005a) 
(R134a-2SV). In both of these studies m had been fitted using different techniques. The 
SAFT-VR parameters of the models developed in this work and those previously pub- 
lished are reported in table 4.9. An evaluation of all of these models in terms of objective 
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Table 4.8: Details of the experimental data included in the parameterisation and evaluation of 
the R134a models. The `No. points' column indicates the number of data points used in parameter 
estimation and the numbers in brackets indicate the number of additional data points above 90 % 
of the critical temperature, excluded from parameter estimation but shown in figure 4.7. In the 
`T range' column the full temperature range of the data is reported, although only data within 
the range 174.98 - 335.81 K was used in parameter estimation. The * indicates that the data were 
correlated. 
Source Variable No. points T range (K) 
Basu and Wilson (1989) P 26 (+6) 210.96 - 369.14 
Kubota et al. (1989) P 17 (+8) 253.15 - 373.15 
McLinden et al. (1989) P, *, pi , py 21 (+8) 233.15 - 373.15 
Chae et al. (1990) PV 9 (+4) 253.15 - 373.15 
Zagoruchenko and Zagoruchenko (1991) pi 27 (+1) 200.00 - 340.00 
Goodwin et al. (1992) P 57 214.44 - 313.20 
Zhu et al. (1992) PV 29 (+14) 279.15 - 363.15 
Ripple and Matar (1993) PV 14 250.05 - 306.05 
Tillner-Roth and Baehr (1993) pi 11 (+2) 243.27 - 353.16 
Blanke et al. (1995) P,,, p 11 (+4) 288.25 - 353.09 
Blanke et al. (1995) P 29 174.98 - 279.97 
Shibasaki-Kitakawa et al. (1998) Pt p 1 (+2) 323.15 - 373.15 
Oliveira and Wakeham (1999) PT p 13 (+1) 242.96 - 342.77 
function and overall %AADs is presented in table 4.10. Since different data are used in the 
development of the SAFT-VR models in this work compared to previous studies, it should 
once again be noted that higher objective functions and %AADs are expected for the 
previously developed models. Furthermore, if m (and a) are specified a priori there are 
fewer degrees of freedom in parameter estimation and so again a higher objective function 
would be expected compared to fitting all parameters simultaneously. 
The R134a-2Q and R134a-3Q SAFT-VR models for R134a developed in this work describe 
the experimental data very well. Overall %AADs in vapour pressure and saturated liquid 
density of 0.66 % (R134a-3Q) and 0.67 % (R134a-2Q) were obtained. The three-site 
R134a-3Q model had the lowest objective function. However, given the small difference 
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Table 4.9: The SAFT-VR models for R134a developed in this worka and published in Sheldon 
et al. (2006)b (S), Swaminathan and Visco (2005a)° (SV) and Galindo et al. (1998b)' (G). 
Parameter values of literature models are reported to the accuracy listed in the relevant sources. 
Q denotes that the non-sphericity parameter (m) was calculated from quantum mechanics and v 
denotes that the non-sphericity parameter (m) and segment diameter (v) were calculated from 
quantum mechanics. 














R134a-3Q' 3 1.2848 4.38951 365.752 1.34750 684.098 2.77317 0.631772 
R134a-31 3 2.9871 3.00178 136.263 1.69322 534.148 1.95169 0.650175 
R134a-2Q' 2 1.2848 4.37874 362.165 1.35244 795.512 2.83763 0.648048 
R134a-2Qab 2 1.2848 4.6368 402.74 1.2473 295.09 4.6368 1.0000 
R134a-2Sb 2 3.1161 2.9487 136.66 1.6863 1280.44 1.5746 0.5340 
R134a-2SVc 2 1.4053 3.992 136.7538 1.811 1288.1694 2.7453 0.6877 
R134a-2Gd 2 1.4 3.947 122.7 1.85 1301.0 2.82211 0.715 
Table 4.10: The objective function and %AADs evaluated for data within 90% of the critical 
temperature. The models are as in table 4.9. 
Model sites fobs P (%) pl (%) P&pi (%) p (%) 
R134a-3Q' 3 0.044793 0.49 1.33 0.66 5.28 
R134a-3' 3 0.030260 0.49 0.49 0.49 5.40 
R134a-2Qa 2 0.046108 0.49 1.37 0.67 5.24 
R134a-2Qab 2 0.404018 2.12 6.29 2.98 2.66 
R134a-2Sb 2 0.026199 0.44 0.48 0.45 5.34 
R134a-2SVc 2 0.076678 1.30 0.29 1.09 3.28 
R134a-2Gd 2 0.105557 0.83 2.57 1.19 2.78 
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in %AADs and objective function between the two different molecular models it is not 
possible to identify an optimal association scheme. Other properties, such as mixture 
VLE, must be investigated. The SAFT-VR calculations using the R134a-3Q model and 
the experimental data included in parameter estimation, detailed in table 4.8, are shown 
in figure 4.7. The predictions of the R134a-2Q model are virtually identical. 
The R134a-3Q and R134a-2Q models with m specified according to quantum mechanics 
can be compared with the R134a-3 and R134a-2S (Sheldon et al., 2006) models, where m 
was obtained from optimisation. As would be expected, since there was an extra degree of 
freedom in parameter estimation, the models with m fitted have a lower objective function. 
However, the overall %AAD in P, &pl is only marginally improved. Again, the agreement 
with the experimental data for both the two-site and three-site models is very similar and 
hence these two molecular models cannot be distinguished. The main difference in the 
models with m obtained from quantum mechanics or parameter estimation is in the value of 
m. In the R134a-3 and R134a-2S models an m of N3 was obtained from fitting, compared 
to 1.2848 obtained from quantum mechanics. To determine which m is physically more 
reasonable these values can be compared to the non-sphericity parameter of the alkane 
series. R134a (C2H2F4) contains two carbon atoms and so could be compared with ethane. 
However, the fluorine atoms are larger than the hydrogen atoms on ethane. Therefore, it 
would be expected that the ethane molecule would have a larger aspect ratio and smaller 
segment size than R134a. The non-sphericity parameter of the alkane series is typically 
specified according to an empirical relation between carbon number and m proposed by 
Jackson and Gubbins (1989). For ethane m=1.3333, which is indeed larger than m= 
1.2848 calculated from quantum mechanics by Sheldon et al. (2006), while m ^_, 3 obtained 
from optimisation corresponds to heptane in the alkane series. Furthermore, in the ethane 
model by Paricaud et al. (2004a) Q=3.8115, which is indeed smaller than a=4.38951 
in the R134a-3Q model. 
In the R134a-2Qo model of Sheldon et al. (2006) both m and a were specified according to 
quantum mechanics. Although the R134a-2QQ model they developed was able to describe 
the experimental data well, with 2 fewer degrees of freedom, examination of the' model 
parameters shows that e> 6HB. This is unreasonable since e quantifies the strength of 
weak, long range dispersion interactions while EHB quantifies the strength of strong, short 
range, directional association interactions. In addition, r* was at its upper bound of 1. 
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Figure 4.7: Phase diagrams for R134a, the continuous curves represent the calculations obtained 
with the three-site R134a-3Q SAFT-VR model with m from quantum mechanics, symbols experi- 
mental data. (a) P-T space, (b) logarithmic Clausius-Clapeyron space, (c) T-p space and (d) 
T-v space. Experimental data for (a) and (b) from Basu and Wilson (1989), Goodwin et al. 
(1992), Blanke et al. (1995), Kubota et al. (1989), Shibasaki-Kitakawa et al. (1998), Oliveira and 
Wakeham (1999), Zhu et al. (1992), Zagoruchenko and Zagoruchenko (1991) and McLinden et al. 
(1989). Experimental data for (c) and (d) from Zagoruchenko and Zagoruchenko (1991), Tillner- 
Roth and Baehr (1993), McLinden et al. (1989), Blanke et al. (1995), Oliveira and Wakeham 
(1999), Shibasaki-Kitakawa et al. (1998), Chae et al. (1990) and Ripple and Matar (1993). 
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Considering these shortcomings, the models developed in this work where only m is spec- 
ified according to quantum mechanics are a better option. They are also an improvement 
on the models of Swaminathan and Visco (2005a) and Galindo et al. (1998b), where A is 
above its upper bound of 1.8. 
In conclusion, it is difficult to obtain a physically reasonable value for the non-sphericity 
of R134a from optimisation. In this work m was specified according to the quantum 
mechanical analysis proposed by Sheldon et al. (2006). An advantage of specifying m is 
that the statistical significance of the remaining parameters obtained from optimisation 
is increased. Both two-site and three-site molecular models for R134a were investigated 
and good fits of the experimental data were obtained. However, it was not possible to 
determine which of the two models is best on the basis of pure component VLE properties 
alone. In chapter 5 VLE properties of mixtures containing R134a are studied and a pure 
component model is chosen on this basis. 
4.4.3 R23 
The replacement refrigerant R23, (CHF3, trifluoromethane) is suited for ultra-low tem- 
perature applications where it has replaced R13 (CC1F3i chlorotrifluoromethane). R23 
is an asymmetrical molecule consisting of one carbon atom surrounded by three fluorine 
atoms and a hydrogen atom, a schematic of the molecule is shown in figure 4.1. As a 
result of the large size asymmetry between fluorine and hydrogen atoms it is expected 
that a non-spherical aspect ratio is required. This is indeed captured by the quantum 
mechanical analysis in which m=1.2481 (Sheldon et al., 2006) is computed. Comparing 
the dimensions of the smallest box that encases the electron density cloud of the R23 and 
R134a molecules, shown in table 4.4, it can be seen that a much smaller box is required 
for R23, although the resulting aspect ratio is only slightly smaller than for R134a. R23 
is a polar molecule with a dipole moment of 1.651 D (Lide, 1992). Although this is not as 
strong as the dipole moment of R134a the inclusion of association sites in the development 
of the SAFT-VR model is justified. In this work two-, three- and four-site models for R23 
were developed. The four-site model developed was asymmetric and contained one site of 
type a and three sites of type b. This corresponds to the ratio of hydrogen and fluorine 
atoms found in the molecule. 
4. Pure component model development 146 
Table 4.11: Details of the experimental data included in the parameterisation and evaluation of 
the R23 models. The `No. points' column indicates the number of data points used in parameter 
estimation and the numbers in brackets indicate the number of additional data points above 90 % 
of the critical temperature, excluded from parameter estimation but shown in figure 4.8. In the 
`T range' column the full temperature range of the data is reported, although only data within 
the range 120.60 - 268.54 K was used in parameter estimation. The * indicates that the data were 
correlated. 
Source Variable No. points T range (K) 
Hou and Martin (1959) P 38 (+9) 141.06 - 298.19 
Hou and Martin (1959) pA 4 (+4) 205.99 - 298.67 
Phillips and Murphy (1970) pl 7 189.83 - 256.93 
Temaine and Robinson (1973) p, * 8 125.15 - 190.25 
Shavandrin et al. (1975) p 9 (+9) 208.45 - 298.96 
Hori et al. (1982) P 9 (+26) 244.27 - 298.15 
Okazaki et al. (1983) pz, (+8) 296.97 - 299.01 
Shinsaka et al. (1985) pA 26 124.70 - 218.00 
Poot and de Loos (1999) P 3 (+7) 253.72 - 200.06 
Magee and Duarte-Garza (2000) P 78 (+15) 120.60 - 295.07 
Magee and Duarte-Garza (2000) pA 79 (+15) 120.60 - 295.07 
Several sources of experimental data where found for R23. Details of the experimental 
data used in parameter estimation are reported in table 4.11. Only data points within the 
temperature range 120.60-268.54 K were included in parameter estimation. Many of the 
data sources contain several measurements that are outside this temperature range. 
In table 4.12 the SAFT-VR parameters for all the R23 models developed in this work 
are presented. Parameters for previously developed models by Sheldon et al. (2006) and 
Swaminathan and Visco (2005a) are also reprinted. In table 4.13 an evaluation of the 
objective function and %AADs for data within 90% of the critical point are reported. 
Again it should be noted that the data used in the evaluation of the previously developed 
models is different to the data used in their development. 
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Table 4.12: The SAFT-VR parameters for the R23 models developed in this works and published 
in Sheldon et al. (2006)b (S) and Swaminathan and Visco (2005a)c (SV). Parameter values of 
literature models are reported to the accuracy listed in the relevant sources. Q denotes that 
the non-sphericity parameter (m) was calculated from quantum mechanics and a denotes that the 
non-sphericity parameter (m) and segment diameter (a) were calculated from quantum mechanics. 
Model sites ma elk A cHB/k r,, rc* 
ý-) (A) (K) (-) (K) (A) (-) 
R23-2Q4 2 1.2481 3.64582 118.821 1.78783 901.275 2.60278 0.713907 
R23-21 2 1.2000 3.70083 121.349 1.78815 915.096 2.61476 0.706533 
R23-2SVc 2 1.1237 3.7736 100.2682 1.9004 972.8689 2.70341 0.7164 
R23-3Q' 3 1.2481 3.66993 123.436 1.78952 765.619 2.46698 0.672214 
R23-3QQb 3 1.2481 4.0801 308.24 1.2231 235.39 4.0801 1.0000 
R23-3Sb 3 2.4589 2.8305 131.90 1.6344 669.50 1.5613 0.5516 
R23-4Q" 4 1.2481 3.67458 126.127 1.78450 737.356 2.38303 0.648517 
Table 4.13: The objective function and %AADs for the R23 models, evaluated using data within 
90% of the critical temperature. The models are as in table 4.12. 
Model sites fobs p (%) PI (%) P&pj (%) p (%) 
R23-2Qa 2 0.015438 0.62 0.31 0.47 6.83 
R23-2a 2 0.015378 0.64 0.28 0.46 6.72 
R23-2SV° 2 0.101710 1.62 1.68 1.65 3.56 
R23-3Qa 3 0.019271 0.89 0.24 0.57 7.75 
R23-3Qab 3 0.482107 3.03 5.10 4.05 3.95 
R23-3Sb 3 0.072121 0.77 0.89 0.81 9.74 
R23-4Q' 4 0.021628 0.97 0.27 0.62 7.87 
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Figure 4.8: Phase diagrams for R23, the continuous curve represents the R23-2Q SAFT-VR 
model predictions, symbols represent experimental data (a) P-T space, (b) logarithmic Clausius- 
Clapeyron space, (c) T-p space and (d) T-v space. Experimental data in (a) and (b) from Hou and 
Martin (1959), Poot and de Loos (1999), Hori et al. (1982) and Magee and Duarte-Garza (2000). 
Experimental data in (c) and (d) from Hou and Martin (1959), Magee and Duarte-Garza (2000), 
Shinsaka et al. (1985), Phillips and Murphy (1970), Tremaine and Robinson (1973), Shavandrin 
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From table 4.13 it can be observed that all the models developed in this work, with m spec- 
ified according to quantum mechanics, describe the phase behaviour of R23 very well, with 
overall pressure and saturated liquid density %AADs well below 1%. Furthermore, the 
two-site model gives the best description of phase behaviour. The SAFT-VR calculations 
of the R23-2Q model compared to experimental data are shown in figure 4.8. 
In order to validate further the approach of specifying non-sphericity m from quantum 
mechanical calculations, an attempt was made to obtain a two-site R23 model with m 
from optimisation. However, erratic results were obtained for all models where m was 
optimised with higher objective functions than the model with m specified according to 
quantum mechanics, although there was an additional degree of freedom in parameter 
estimation. To resolve this discrete optimisation was performed with fixed values of m 
covering a range from 1.0 to 1.75 in 0.05 intervals. In figure 4.9 the objective function 
versus m is shown. It is clear that the objective function is at a minimum when m=1.2, 
this corresponds to the R23-2 model, for which parameters and %AADs are given in table 
4.12 and table 4.13 respectively. The optimal value of m is very close to the value of m 
obtained from quantum mechanics (m = 1.2481). 
The models developed in this work were also compared with previously published models. 
The R23-3QQ model by Sheldon et al. (2006), with m and o obtained from quantum me- 
chanics, described the experimental data reasonably well. However, again the parameter 
describing the range of association interactions r* is at the upper bound of 1.0 and the 
strength of association interactions fHB is less than the strength of dispersion interactions 
e. These inconsistencies are resolved in the models developed in this work, where only m 
is specified according to quantum mechanical calculations. The R23-3S model of Sheldon 
et al. (2006) in which m is obtained from optimisation has an excessively large value 
of m for this almost spherical molecule. The non-sphericity of the previous model by 
Swaminathan and Visco (2005a) R23-2SV, is of the same order of magnitude as obtained 
from quantum mechanics and discrete optimisation in this work. However, it should be 
noted that, in the R23-2SV model, the parameter A describing the range of dispersion 
interactions has exceeded its upper bound of 1.8. 
In conclusion, a number of SAFT-VR models with different association schemes were 
developed in order to determine a model that best describes the interactions between 
R23 molecules. The non-sphericity in all the models was specified according to quantum 
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Figure 4.9: The objective function (equation (4.2)) as a function of the non-sphericity parameter 
m for two-site R23 models. The crosses represent models obtained with m specified according 
to discrete optimisation and the filled triangle represents the R23-2Q model with m specified 
according to quantum mechanics. 
mechanical calculations. Excellent agreement between all models and experimental data 
was obtained, with the smallest deviations from experimental data exhibited by the two- 
site model. The validity of using quantum mechanics to consistently and reliably determine 
the non-sphericity of refrigerants was further confirmed. 
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4.4.4 R122 
R122 (C2HC13F2,1,2,2-trichloro-1,1-difluoroethane) is an intermediate hydrochlorofluoro- 
carbon found in the manufacture of replacement refrigerants, a schematic of the molecule 
is shown in figure 4.1. Extensive experimental or modelling studies on R122 have yet to 
be reported in the open literature. In a search of the literature no information on the 
polarity of the molecule was found. However, $aräo et al. (1998) have derived dipole mo- 
ments from dielectric constant measurements for a similar intermediate R123 (C2HC12F3, 
1,1,1-trifluoro-2,2-dichloroethane). They report liquid and vapour phase dipole moments 
of 2.13 and 1.36 D respectively. On the basis of this it is reasonable to expect that R122 
will have a significant dipole moment and so models containing sites were investigated. 
However, because of uncertainties in the strength of the dipole moment non-associating 
models were also considered. In line with other refrigerant models developed thus far, the 
non-sphericity of R122 is specified according to quantum mechanical analysis. A value of 
m=1.3693 was obtained by Giner et al. (2008). 
A search of the literature revealed only one set of correlated vapour pressures from 
Varushchenko et al. (1997) and some measured saturated liquid density data points from 
Henne and Ladd (1936) and Malhotra and Woolf (1997), although in the latter case it was 
not clear if the densities reported were saturated. Two sets of correlated vapour pressures 
and saturated liquid densities were provided by Ineos Fluor Ltd. (2004,2006). In the latter 
case, saturated vapour densities were also provided. In table 4.14, details of all the data 
are reported. It should be noted that all the available data were well below the estimated 
critical temperature of 529 K (Ineos Fluor Ltd., 2004). Inspection of the saturated liquid 
densities (figure 4.10c) revealed some inconsistencies between the correlated saturated liq- 
uid densities in the two data sets from Ineos Fluor Ltd. (2004,2006). The liquid densities 
reported in Henne and Ladd (1936) and Malhotra and Woolf (1997) seemed to be in agree- 
ment with the densities from Ineos Fluor Ltd. (2004). From this analysis of the data it 
was decided that different SAFT-VR models would be developed separately for the Ineos 
Fluor Ltd. (2004,2006) data sets. In both cases the vapour pressures of Varushchenko 
et al. (1997) were included in the parameter estimation problem. 
Non-associating and associating SAFT-VR models were developed for R122. The model 
parameters obtained and an evaluation of the objective function and %AADs are reported 
in tables 4.15 and 4.16 respectively. Since some of the models under-predict the estimated 
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Table 4.14: Details of the data available for R122. The * indicates that the data were correlated. 
Source Variable No. points T range (K) 
Henne and Ladd (1936) pA 1 298.15 
Malhotra and Woolf (1997) pl 6 278.15 - 338.15 
Varushchenko et al. (1997) P 14 297.46 - 345.12 
Ineos Fluor Ltd. (2004) Py , p, * 29 233.15 - 373.15 
Ineos Fluor Ltd. (2006) P, *, P, *, pv 23 263.15 - 373.15 
Table 4.15: The SAFT-VR models for R122. (04) in the model name indicates the data of 
Ineos Fluor Ltd. (2004) and Varushchenko et al. (1997) were used in parameter estimation, while 
(06) indicates that the data of Ineos Fluor Ltd. (2006) and Varushchenko et al. (1997) were 
used. For all models m was specified according to quantum mechanical calculations by Giner et al. 
(2008). 














R122-0(04) 0 1.3693 4.88695 511.475 1.35478 - - - 
R122-0(06) 0 1.3693 4.70029 480.817 1.39561 - - - 
R122-1(04) 1 1.3693 4.85673 411.644 1.35001 1532.38 4.85672 0.999998 
R122-2(04) 2 1.3693 4.73691 272.272 1.45944 1608.19 4.06368 0.857874 
R122-2(06) 2 1.3693 4.33447 156.880 1.57595 1958.11 4.33447 1.00000 
critical point of R122 at 529K, the critical temperatures of the SAFT-VR models are also 
reported in table 4.16. The SAFT-VR calculations for the zero-site and two-site models 
obtained from the data of Ineos Fluor (2004,2006) are compared to experimental data in 
figure 4.10. 
From figure 4.10 it appears that the saturated liquid density data and vapour pressures 
from Ineos Fluor Ltd. (2006) are inconsistent. The R122-2(06) model fits the saturated 
liquid density data well, but significantly under-predicts the estimated critical temper- 
ature, which is not typical for analytical equations of state. Furthermore, the overall 
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Table 4.16: The objective function, %AADs and predicted critical temperature for the R122 
SAFT-VR models developed in this work. 
Model sites fobs P (%) p, (%) P&P, (%) p (%) TC (K) 
R122-0(04) 0 0.027077 1.76 0.22 1.14 - 578.5 
R122-0(06) 0 0.071690 2.72 2.32 2.56 2.31 593.4 
R122-1(04) 1 0.019267 1.61 0.38 1.12 - 528.2 
R122-2(04) 2 0.018872 1.62 0.21 1.06 - 524.8 
R122-2(06) 2 0.027700 1.82 0.34 1.25 42.22 478.3 
pressure and saturated liquid %AADs for the (06) models are larger, sometimes signifi- 
cantly larger, than the corresponding (04) models. Consequently, it can be concluded that 
the saturated liquid densities from Ineos Fluor Ltd. (2006) are inconsistent and the SAFT- 
VR models developed using these data were ruled out. This conclusion is in agreement 
with the few experimental data points reported in the literature and is further confirmed 
from additional experimental work (Ineos Fluor Ltd., 2007). 
The models obtained using the data from Ineos Fluor Ltd. (2004) were used to identify 
the optimal molecular model for R122. The R122-1(04) model was ruled out because r, *, 
describing the range of association interactions, is at its upper bound. The R122-2(04) 
model had a lower objective function than the R122-0(04) model, although this was to be 
expected since there were two additional degrees of freedom in parameter estimation. The 
critical point predicted by the R122-2(04) model is 4K lower than that estimated by the 
group contribution method of Joback and Reid (1987). For R134a and R23 the critical 
temperature predicted by the group contribution method of Joback and Reid (1987) is 
7.9 K and 4.5 K higher than the critical temperature reported in Lide (1992) respectively. 
Since there is no experimental data near the critical point available for R122 and the 
uncertainty in the group contribution method could be greater than the 4K difference in 
values it was decided not to rule out the R122-2(04) model on this basis. In chapter 6 
the mixture HF + R122 is studied and both the R122-2(04) and R122-0(04) models are 
considered in this investigation. 
As a result of the presence of dispersion and association interactions in a two-site model 
for R122 the correlation between these parameters (e and eHB) is studied using the global 
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Figure 4.10: Phase diagrams for R122, (a) P-T space, (b) logarithmic Clausius-Clapeyron, (c) 
T-p space and (d) T-v space. Curves represent the SAFT-VR models as follows; continuous 
curve R122-2(04), dashed-dotted curve R122-0(04), dotted curve R122-2(06) and dashed curve 
R122-0(06). Symbols represent data as follows crosses Ineos Fluor Ltd. (2004), open triangles 
Ineos Fluor Ltd. (2006), open circles Varushchenko et al. (1997), open squares Malhotra and 
Woolf (1997) and filled squares Henne and Ladd (1936). 
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Figure 4.11: (a) P&p, %AAD and (b) objective function contour plots for two-site R122 models 
obtained using the data of Ineos Fluor Ltd. (2004) and Varushchenko et al. (1997). M1 represents 
the ß. 122-2(04) model and Ain is the global minimum of the respective contours. 
optimisation method described in Clark et al. (2006). Dispersion energies ranging frone 
200-350 K and association energies frone 1000-1750 K were investigated. In figure 4.11 the 
contour plots of the objective function and overall pressure and saturated liquid density 
data %AADs are shown. The global minimum of the objective function contour is at E/k = 
280 K and 1" /k = 1575 K, close to the parameters of the R122-2(04) model. However, 
the global minimum of the %AAD contour is at c/k- = 330 K and FHB/k = 1325 K. Frone 
the %AAD contour plot the high degree of degeneracy between parameter sets can be 
observed. A large number of parameter sets would result in overall %AADs of 1.10 % 
or lower, equivalent to the %AAD obtained for the R122-2(04). Since a large number of 
parameter sets give an excellent description of the phase behaviour of R122 and the 8122- 
2(04) model, presented thus far, is close to the global minimum in objective function this 
was the model that was used in mixture model development. To reduce the degeneracy 
of the pure component parameter sets, more experimental data points covering a wider 
temperature range are required. In addition, reducing the number of parameters that 
must be obtained from optimisation increases the statistical significance of the remaining 
optimised parameters. 
250 300 
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In conclusion, contradicting saturated liquid density data were available for R122. From 
analysis of the SAFT-VR models developed the inconsistent data set was identified. This 
was in agreement with the few experimental data points available in the literature. The 
objective function and %AAD space for two-site R122 models revealed the high degree 
of degeneracy between parameter sets when so few data points are available. Specifying 
non-sphericity and perhaps even more parameters from quantum mechanics increases the 
statistical significance of the remaining parameters obtained from optimisation. 
4.4.5 Other intermediates (R1110, R1111 and R1112a) 
In the manufacture of replacement refrigerants many chlorinated hydrocarbons (CHCs) 
and chlorofluorocarbons (CFCs) are present. It is important to know the thermodynamic 
properties of these chemicals and their mixtures. However, many of these chemicals have 
not been studied extensively in the open literature and hence there is often very little 
experimental data available for parameter estimation. When modelling these chemicals 
using SAFT-VR a number of different model options need to be investigated in order to 
see which approach yields the best results. In this section, SAFT-VR models for R1110 
(C2C14i chloroethene), Rllll (C2C13F, trichlorofluoroethene) and R1112a (C2C12F2) 1,1- 
dichloro-2,2-difluoroethene) are presented. Schematics of the molecules studied can be 
found in figure 4.1. 
Correlated vapour pressures, saturated liquid and vapour densities for R1110, R1111 and 
R1112a were provided by Ineos Fluor Ltd. (2006) for model development. For R1110, 
additional vapour pressures and saturated liquid densities were found in the literature. 
These data sets were in good agreement with the correlated data from Ineos Fluor Ltd. 
(2006) and were also included in parameter estimation. In the case of R1111, only one 
other vapour pressure and saturated liquid density point by Locke et al. (1934) was found 
in the literature. The vapour pressure point agreed with the data from Ineos Fluor Ltd. 
(2006), although the saturated liquid density point was not in agreement as can be seen in 
figures 4.12 and 4.13. Therefore, only the data from Ineos Fluor Ltd. (2006) was included 
in parameter estimation. Again for R1112a, only one other vapour pressure point by Locke 
et al. (1934) was found in the literature, which this time was in agreement with the data 
from Ineos Fluor Ltd. (2006). However, the data point did not add any new information 
since it was at a temperature already covered by the data from Ineos Fluor Ltd. (2006) 
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Table 4.17: Details of the data available for R1110, R1111 and R1112a. The * indicates that 
the data were correlated. In the case of R1110 all the listed data were included in parameter 
estimation, but for R1111 and R1112a only the data from Ineos Fluor Ltd. (2006) were included 
in model development. 
Source Variable No. points T range (K) 
R1110 
Dreisbach and Shrader (1949) P 4 339.59 - 394.17 
Boubilk and Aim (1972) Pv 15 310.24 - 392.80 
van Nhu and Kohler (1989) A 2 293.15 - 313.15 
Comelli and Francesconi (1991) A 8 297.15 - 315.35 
Dejoz et al. (1996) P. 33 307.75 - 394.55 
Nayak et al. (2003) pi 3 298.15 - 308.15 
Garriga et al. (2004) P 9 283.15 - 323.15 
Ineos Fluor Ltd. (2006) P, *, p, *, pv 23 263.15 - 373.15 
R1111 
Locke et al. (1934) P,,, PI 1 345.25 
Ineos Fluor Ltd. (2006) P, *, pt , p; 23 263.15 - 373.15 
R1112a 
Locke et al. (1934) P 1 288.15 
Ineos Fluor Ltd. (2006) P, *, PI*, pv 21 273.15 - 373.15 
and so it was not included in parameter estimation. In table 4.17 details of all the data 
sources involving R1110, R1111 and R1112a are reported. It should be noted that the 
data included in parameter estimation is well below the critical point of 620.3 K for R1110 
(Horvath, 1972) and 535.0K for R1111 (estimated by the group contribution method of 
Joback and Reid (1987)). For R1112a, however, the data included in parameter estimation 
is much closer to the critical temperature of 453.8 K, which was again estimated by the 
group contribution method of Joback and Reid (1987). 
In the development of models for R1110, R1111 and R1112a it seemed that a non- 
associating model would be physically the most intuitive. However, because of uncer- 
tainties in experimental data and limited experience in modelling quadrupolar systems 
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Table 4.18: The SAFT-VR models for R1110, R1111 and R1112a. `Q' indicates that m was 
specified according to quantum mechanics and `a' indicates that both m and a were specified 
according to quantum mechanics, with all quantum mechanical calculations performed in Giner 
et al. (2008). `C' indicates that only vapour pressure data were used in parameter estimation. 
Model sites ma elk A eHB/k r,, rc* 
ý-) (A) (K) (-) (K) (A) (-) 
R1110 
R1110-OQ 0 2.0795 4.08938 403.757 1.45092 --- 
R1110-OQQ 0 2.0795 4.17492 418.567 1.42808 --- 
R1110-1Q 1 2.0795 4.03291 322.860 1.57088 1554.97 2.46963 0.612370 
R1110-2Q 2 2.0795 4.04519 323.622 1.56574 1042.22 2.62972 0.650085 
R1110-2Qo 2 2.0795 4.17492 367.755 1.43563 572.954 4.17492 1.00000 
R1111 
R1111-OQ 0 2.0397 4.04550 197.552 1.80000 --- 
R1111-OQC 0 2.0397 4.75199 255.532 1.60308 --- 
R1111-1Q 1 2.0397 4.04552 197.551 1.80000 692.615 2.06321 0.510000 
R1112a 
R1112a-OQ 0 1.7507 4.35549 359.538 1.38495 --- 
R1112a-2Q 2 1.7507 4.00921 107.347 1.8 1590.19 3.44701 0.858771 
containing a carbon double bond models with sites were also considered. In the devel- 
opment of a model for R1110 two approaches were investigated: in the first only the 
non-sphericity parameter m was determined from quantum mechanics and in the sec- 
ond approach both m and o, representing segment diameter, were specified according to 
quantum mechanics. For R1111 and R1112a only m was specified according to quantum 
mechanical calculations for all models. All quantum mechanical calculations for R1110, 
R1111 and R1112a were performed in Giner et al. (2008). The model parameters are 
presented in table 4.18 and an evaluation of the objective function, %AADs and critical 
temperature is given in table 4.19. SAFT-VR calculations compared to experimental data 
for the zero-site models can be found in figures 4.12,4.13 and 4.14. 
Although the R1110 models with both m and a obtained from quantum mechanics give 
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Table 4.19: The objective function, %AADs and predicted critical temperature, compared to the 
estimated Tc, for the R1110, R1111 and R1112a SAFT-VR models developed in this work. The 
models are as in table 4.18. 
Model sites fobs P (%) pz (%) P&pj (%) p (%) TC (K) 
R1110 T° = 620.3K 
R1110-OQ 0 0.014037 0.99 0.13 0.73 1.09 642.9 
R1110-OQo 0 0.111247 1.47 4.82 2.48 1.20 633.2 
R1110-1Q 1 0.002856 0.38 0.36 0.37 0.18 660.7 
R1110-2Q 2 0.003224 0.39 0.42 0.40 0.18 658.8 
R1110-2Qr 2 0.051885 1.34 2.86 1.80 1.11 629.3 
R1111 TC = 535.0K 
R1111-OQ 0 0.092565 4.95 1.71 3.33 5.03 590.3 
R1111-OQC 0 0.075482 4.88 37.00 20.94 4.91 548.9 
R1111-1Q 1 0.092570 4.95 1.71 3.33 5.03 590.3 
R1112a T C= 453.8K 
R1112a-OQ 0 0.011471 0.15 2.01 1.08 0.56 468.1 
R1112a-2Q 2 0.000863 0.33 0.44 0.39 17.90 443.9 
a good description of the phase behaviour, as shown in table 4.19, there is a significant 
improvement if only m is specified according to quantum mechanics. Since the aim of 
this work is to develop accurate models of industrial relevance it was decided to only 
specify m from quantum mechanics as has been the case for the other refrigerants studied 
in this work, although the statistical significance of the remaining optimised parameters 
is then reduced. This was particularly important for these systems since relatively few 
experimental data points were available. As to which association scheme best describes 
phase behaviour of R1110, there is better agreement with the models containing sites, 
since an additional two parameters were fitted to experimental data. However, the non- 
associating model also describes the experimental data very well and intuitively is the 
type of model to be expected. Therefore the R1110-OQ model is chosen as optimal. It 
should be noted that in future studies of other properties, such as mixture VLE or caloric 
properties, it is recommended that the question of whether to include sites in a model for 
R1110 should be re-visited. 
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Figure 4.12: (a) P-T space, (b) logarithmic Clausius-Clapeyron space for R1110, R1112a and 
R1111. Curves represent the POQ, R1111-OQ and R1112a-OQ SAFT-VR models, symbols represent 
data as follows; open squares data for R1110 from Ineos Fluor Ltd. (2006) Dreisbach and Shrader 
(1949), Dejoz et al. (1996), Boublik and Aim (1972) and Garriga et al. (2004), triangles data for 
R1111, open Ineos Fluor Ltd. (2006), closed Locke et al. (1934), diamonds data for R1112a, open 
Ineos Fluor Ltd. (2006), closed Locke et al. (1934). 
All of the SAFT-VR models developed for R1111 have relatively high %AADs for vapour 
pressure and saturated liquid density compared to the models for HF, R134a, R23 and 
R122. In addition, from figure 4.13a it can be seen that the saturated liquid density 
calculated by SAFT-VR does not fit the trend of the correlated data points from In- 
eos Fluor Ltd. (2006). Given the success in modelling similar molecules with SAFT-VR, 
it is likely that the vapour pressure and saturated liquid density data for R1111 provided 
by Ineos Fluor Ltd. (2006) are inconsistent. An attempt was made to develop a SAFT-VR 
model by fitting only to vapour pressure data, R1111-OQC. This is not typically done since 
the saturated liquid densities predicted by a model obtained only from vapour pressure 
data are very poor, as was again found in this case. Therefore it was decided to include 
the saturated density data in parameter estimation with reservations noted rather than 
to exclude it completely. An attempt was made to parameterise a two-site model. How- 
ever, the resulting model had a similar strength of dispersion (e) and association (eHB) 
energy and so was ruled out and is not reported here. There is very little difference in 
the performance of the zero-site (R1111-OQ) and one-site (R1111-1Q) model, where again 
the R1111-OQ model is physically more intuitive and so was chosen as optimal. The pa- 








Figure 4.13: (a) T-p space, (b) T-v space for R1110 and R1111, curves represent the R1110-OQ 
and R1111-OQ SAFT-VR models, open squares are data for R1110 from; Ineos Fluor Ltd. (2006), 
Comelli and Francesconi (1991), Nayak et al. (2003) and van Nhu and Kohler (1989), triangles are 
data for R1111; open Ineos Fluor Ltd. (2006) and closed Locke et al. (1934). 








Figure (a) Figure (b) 
Figure 4.14: (a) T-p space and (b) T-v space for R1112a, continuous curve R1112a-OQ and 
dotted curve R1112a-2Q SAFT-VR models, open squares data from Ineos Fluor Ltd. (2006). 
v (cm3/mol) p (moI/cm3) 
p (mol/cm3) 
4. Pure component model development 162 
rameterisation of the R1111-0Q model could be improved since A, describing the range of 
dispersion interactions, is at its upper bound. In addition, it should be noted that only 
one data source was available for this system. To improve the confidence in the model it is 
recommended that further experiments are performed, thus increasing the data available 
for model development. 
The consistency of the vapour pressure and saturated liquid density data was again ques- 
tioned for R1112a. From figure 4.14a it can be seen that the R1112a-2Q model describes 
the saturated liquid density well, but from table 4.19 it can be seen that this, model 
under-predicts the estimated critical point by 10 K. On the other hand the R1112a-0Q 
model, which over-predicts the critical temperature as expected, does not reproduce the 
saturated liquid density data as well. It is recommended that further VLE experiments 
are performed to confirm the trends in saturated liquid density data. As a result of the 
uncertainties in the data it is concluded that the R1112a-OQ model is chosen as optimal 
since it is once again physically the most intuitive. 
The chemicals R1110, R1111 and R1112a, used in the manufacture of replacement refrig- 
erants, have not been studied extensively to date. As a result there was little experimental 
data available for parameter estimation, other than the correlated data provided by In- 
eos Fluor Ltd. (2006). In addition, data was only available up to a maximum of 394.55K, 
far below the critical temperature of the chemicals studied. The non-sphericity parameter 
m was obtained from quantum mechanical calculations. By specifying m the statistical sig- 
nificance of the remaining parameters obtained from parameter estimation was increased. 
This was especially important because of the small number of data points available. Al- 
though associating models were investigated the non-associating models were chosen as 
optimal since they are physically most intuitive for the non-polar chemicals studied. To 
further validate the non-associating models and their parameterisation it is recommended 
that other properties such as caloric properties or mixture VLE involving these chemi- 
cals are studied. From comparisons of SAFT-VR calculations with the correlated data 
used in parameter estimation it was concluded that there may be some inconsistencies 
in the vapour pressure and saturated liquid density data for R1111 and R1112a. It is 
recommended that further VLE experiments are performed to confirm the reliability of 
the data. 
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4.4.6 Additional chemicals (diborane and cyclopropane) 
In addition to the replacement refrigerants and their intermediates that have already been 
presented in this chapter diborane and cyclopropane have been studied. These chemicals 
can also be used as refrigerants. For example, the use of cyclopropane as a refrigerant 
has been investigated by Rogstam (1998) and also by Dentis et al. (1999), who suggest 
cyclopropane as an ecological solution for automotive air conditioning units. However, 
the main purpose of studying these chemicals is to test the model of total pressure VLE 
experimental setup with integrated parameter estimation presented in chapter 6. Xenon 
mixtures with diborane, cyclopropane and BF3 are investigated. SAFT-VR models exist 
in the literature for xenon and BF3, but it is necessary to develop SAFT-VR models for 
diborane and cyclopropane. The development of the diborane and cyclopropane models 
is discussed in this section. The same approach was followed as for the refrigerants. The 
non-sphericity m was determined from quantum mechanical calculations in Giner et al. 
(2008) and the remaining parameters were obtained by fitting to vapour pressure and 
saturated liquid density data. 
A search of the literature revealed several sources of experimental vapour pressures and sat- 
urated liquid densities for diborane. Some correlated saturated liquid and vapour densities 
were also found. Only data points at temperatures below 90 % of the critical temperature, 
i. e., below 260.49 K, were included in parameter estimation. All the experimental data 
for diborane are detailed in table 4.20. 
Diborane has an interesting bridge structure in which two hydrogen atoms are bonded to 
both boron atoms, leaving the hydrogen deficient of electrons. This molecular structure 
resembles ethene and the connecting double bond is known as a protonated double bond. 
An interesting account of the history and a collection of references on the determination of 
the structure of diborane can be found in Laszlo (2000). As to the intermolecular interac- 
tions between diborane molecules, the literature is less clear; Clarke et al. (1953) suggest 
partial association, while Smith and Lipscomb (1965) dismiss association. Therefore both 
non-associating and associating (one-site and two-site) molecular models were tested. The 
model parameters obtained are presented in table 4.21 and an evaluation of the objective 
function and %AADs is given in table 4.22. 
From table 4.22 it can be observed that the associating models give a better description of 
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Table 4.20: Details of the data available for diborane and cyclopropane. The `No. points' column 
indicates the number of data points used in parameter estimation and the numbers in brackets 
indicate the number of additional data points above 90 % of the critical temperature, excluded 
from parameter estimation but shown in figure 4.15. In the `T range' column the full temperature 
range of the data is reported, although only data within the range 111.78 - 260.49 K and 161.39 
- 293.15 K was used in parameter estimation for diborane and cyclopropane respectively. The * 
indicates that the data were correlated. 
Source Variable No. points T range (K) 
Diborane 
Laubengayer et al. (1941) Pi 5 143.65 - 164.95 
Smith and Miller (1950) pA 14 (+6) 243.60 - 288.20 
Pv 8 (+10) 207.00 - 288.20 
Clarke et al. (1953) PV 7 111.78 - 175.65 
Rifkin et al. (1953) PV 12 (+2) 169.81 - 288.43 
Paridon and MacWood (1959) P, 16 (+9) 151.23 - 288.46 
Ditter et al. (1961) PV 43 118.20 - 180.80 
Martins et al. (2002) PV 2 161.40 - 182.34 
pA 1 182.34 
Cyclopropane 
Ruehrwein and Powell (1946) Pv 13 183.13 - 241.08 
Hafemann and Miller (1969) Pv 5 277.52 - 292.98 
Lin et al. (1970) Pu 14 (+10) 293.15 - 398.30 
Pi , pt 14 (+12) 293.15 - 398.30 
Calado et al. (1997a) P 28 170.30 - 225.43 
Calado et al. (1997b) P 2 161.39 - 182.33 
p7 1 182.33 
Costa-Gomes et al. (1999) p7 12 152.89 - 175.56 
Fedele et al. (2007) P 6 253.15 - 293.15 
pure component properties. However, the non-associating model gives a better description 
of mixture phase behaviour, as discussed in section 6.4. Since the emphasis of this work 
is on modelling mixtures the non-associating diborane model was chosen. The SAFT-VR 
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Table 4.21: The SAFT-VR parameters of the diborane and cyclopropane models developed in 
this work. For all models m was determined from quantum mechanical calculations performed by 
Giner et al. (2008). 
Model sites mv elk A CHB/k r, rI* 
(K) (-) (K) (A) (-) 
Diborane 
DO 0 1.3171 4.08183 253.628 1.39160 --- 
1)1 1 1.3171 3.86570 117.676 1.80000 962.353 2.66864 0.690338 
D2 2 1.3171 3.91864 110.573 1.80000 590.093 3.02238 0.771285 
Cyclopropane 
C 0 1.2253 4.11529 374.901 1.37533 --- 
Table 4.22: The objective function and %AADs for data within 90% of the critical temperature 
for the diborane and cyclopropane SAFT-VR models developed in this work. 
Model sites fobs P (%) pA (%) P&P (%) p (%) 
Diborane 
DO 0 0.102434 2.39 4.67 2.73 48.41 
Dl 1 0.032010 1.30 1.24 1.29 48.40 
D2 2 0.034654 1.29 1.51 1.32 48.60 
Cyclopropane 
C00.041226 2.01 0.78 1.66 4.75 
calculations for the zero-site diborane model (DO) compared to experimental data are 
shown in figure 4.15. 
Cyclopropane is a ring alkane and is accordingly treated as non-associating. Modifications 
to the SAFT theory to account for ring molecules have been proposed by Sear and Jackson 
(1994a, 1994b). These modifications have been successfully applied, within the SAFT- 
HS approach, to model a number of cyclic molecules, including cyclopropane, by Filipe 
et al. (1997) and Martins et al. (2001). In this work the non-sphericity is determined 
from quantum mechanical calculations by Giner et al. (2008), resulting in a physically 
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Figure 4.15: Phase diagrams for diborane and cyclopropane, the curves represent the zero-site 
diborane (DO) and zero-site cyclopropane (C) SAFT-VR models, symbols experimental data. (a) 
P-T space, (b) logarithmic Clausius-Clapeyron, (c) T-p space and (d) T -v space. Experimental 
data in (a) and (b); open triangles data for diborane from Paridon and MacWood (1959), Ditter 
et al. (1961), Clarke et al. (1953), Rifkin et al. (1953) and Martins et al. (2002), open squares 
data for cyclopropane from Lin et al. (1970), Calado et al. (1997a), Ruehrwein and Powell (1946), 
Fedele et al. (2007), Hafemann and Miller (1969) and Calado et al. (1997b). Experimental data 
in (c) and (d); open triangles represent data for diborane from Laubengayer et al. (1941), Smith 
and Miller (1950) and Martins et al. (2002), open squares data for cyclopropane from Lin et al. 
(1970), Costa-Gomes et al. (1999) and Calado et al. (1997b). 
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meaningful quantification of the non-sphericity of cyclopropane. Therefore, it was decided 
that there was no need to apply the modification for cyclic compounds. 
A number of experimental vapour pressures were found for cyclopropane. Unfortunately, 
there were no experimental saturated liquid density or high temperature vapour pressure 
data available in the literature. However, some correlated high temperature vapour pres- 
sures and saturated liquid density data were found and used in parameter estimation. 
It was important to include the correlated saturated liquid densities for cyclopropane in 
parameter estimation, because, as has been previously mentioned in section 4.4.5 the ex- 
clusion of liquid density data results in models with considerably worse saturated liquid 
density predictions. Correlated saturated vapour density data were used to evaluate how 
well the SAFT-VR model described the vapour phase. It should be noted that only data 
below 358.15 K were used in parameter estimation. All the experimental data for cyclo- 
propane are detailed in table 4.20. The model parameters obtained are presented in table 
4.21 and an evaluation of the objective function and %AADs is given in 4.22. It can be 
observed that the dispersion interactions in the cyclopropane model are very strong. The 
SAFT-VR calculations compared to experimental data are presented in figure 4.15. 
4.5 Conclusions 
SAFT-VR models have been successfully developed for strongly associating hydrogen flu- 
oride, strongly polar replacement refrigerants and non-polar intermediates. In table 4.23 
the SAFT-VR parameters and overall %AADs for vapour pressure and saturated liquid 
density of the final models are presented. Hydrogen bonding has been treated explicitly 
via the inclusion of association sites. However, the formation of ring aggregates, present 
in vapour phase HF, has not been considered. Polar interactions have successfully been 
treated effectively via association and dispersion interactions. Various molecular models 
were investigated for each compound studied. Although the molecular model that best 
represented VLE properties was identified, an investigation of the objective function space 
revealed the degeneracy in parameter sets. Therefore, it is recommended that prediction 
of other properties should be used to verify the optimal molecular model and optimal pa- 
rameter set. In Clark et al. (2006) spectroscopic data indicating the degree of association 
were used. However, this was not available for the systems studied in this work. Instead, 
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mixture VLE data are used in chapters 5 and 6. 
The non-sphericity of the refrigerant molecules was determined from a quantum mechan- 
ical analysis as proposed by Sheldon et al. (2006). This resulted in a consistent and 
physically meaningful description of the non-sphericity of all the refrigerants studied. The 
description of VLE properties, compared to models where m had been fitted, was still 
excellent even though there was one less degree of freedom in parameter estimation. By 
specifying non-sphericity (m) a priori, the statistical significance of the remaining param- 
eters is increased. This is especially important for systems where few data points are 
available. 
Finally, the SAFT-VR models developed for R122 were used to determine which of the 
contradicting data sets were inconsistent. The SAFT-VR models for other intermediates 
also helped to identify inconsistencies between saturated vapour pressures and liquid den- 
sities. It is recommended that further experimental work is performed to establish the 
correct experimental trends. 
Table 4.23: A summary of the recommended optimal pure component SAFT-VR models and 
their overall P&pi %AADs. 
Model sites ma e/k A eHB/k 
(A) (K) (-) 
. "Pt 
(K) (A) (-) (%) 
HF3 3 1.0000 2.74081 111.122 1.64666 1956.55 2.43897 0.889871 0.67 
R134a-3Q 3 1.2848 4.38951 365.752 1.34750 684.098 2.77317 0.631772 0.66 
R23-2Q 2 1.2481 3.64582 118.821 1.78783 901.275 2.60278 0.713907 0.47 
R122-2(04) 2 1.3693 4.73691 272.272 1.45944 1608.19 4.06368 0.857874 1.06 
R1110-OQ 0 2.0795 4.08938 403.757 1.45092 --- 0.73 
R1111-OQ 0 2.0397 4.04550 197.552 1.80000 --- 3.33 
R1112a-OQ 0 1.7507 4.35549 359.538 1.38495 --- 1.08 
DO 0 1.3171 4.08183 253.628 1.39160 --- 2.73 
C 0 1.2253 4.11529 374.901 1.37533 --- 1.66 
Chapter 5 
Systematic approach to developing 
mixture models 
5.1 Introduction 
In this chapter, a systematic approach to the determination of mixture model parameters 
is established and thermodynamic models to describe the phase behaviour of strongly as- 
sociating mixtures are presented. The determination of mixture parameters can only be 
considered once a set of pure-component parameters to describe each of the pure compo- 
nents in the mixture have been obtained. This was the focus of the previous chapter, where 
pure component SAFT-VR models were presented for a number of associating fluids. 
In section 2.4.1, the SAFT-VR mixture parameters required to describe the interactions 
between molecules of type i and j were defined. These are; vtj unlike segment diame- 
ter, ei j and A7 strength and range of cross dispersion interactions and eHB and rc, iiab 
strength and cut-off range of cross association interactions between site a on component 
i and site b on component j. In the first instance, mixture parameters can be obtained 
from the Lorentz-Berthelot-like combining rules (Rowlinson and Swinton, 1982; Galindo 
et al., 1998a), which are arithmetic and geometric averages of the pure component pa- 
rameters. However, for mixtures containing strongly associating species, these combining 
rules are inadequate. A better route is the adjustment of the mixture parameters to phase 
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equilibrium data that is in the form; pressure (P), temperature (T) and coexisting liquid 
(x) and vapour (y) phase compositions (for VLE) or coexisting liquid phase compositions 
(xa and xß) (for liquid-liquid equilibrium (LLE)). In practice, the coexisting VLE com- 
positions are often not determined experimentally, but are instead correlated from overall 
compositions (z). Mixture parameters are often developed by trying to reproduce special 
features of phase behaviour. For example mixture parameters have been determined from 
the azeotropic point for the mixture HF + H2Q (Galindo et al., 1997) or the three-phase 
line for the mixture Xe + $F3 (Dias et al., 2003). Mixture parameters have also been 
obtained from a number of bubble point pressures as in the case of HF + R134a (Galindo 
et al., 1997). Swaminathan and Visco (2005b) determined mixture parameters for a large 
number of refrigerant mixtures by correlating to isobaric, isothermal or isoplethic VLE 
data. However, the number of experimental data points which have simultaneously been 
incorporated into mixture model development has typically been limited. 
A further consideration is the complex nature of association interactions. It is easy to 
define the association interactions for a pure component, where only one type of hydrogen 
bond forms. However, for a multi-functional component or mixture, a number of different 
hydrogen bonds form between functional groups of different electronegativities. This leads 
to hydrogen bonds of different strengths. For example, the strength of an 0-H and F- 
H hydrogen bond are different. The thermodynamic models for the strongly associating 
systems studied here reflect the complexity of association interactions in mixtures. 
In this work a systematic approach to the complex problem of obtaining optimal mixture 
parameters is developed. An effort is made to utilise experimental data over a wide tem- 
perature, pressure and composition range. An automated parameter estimation procedure 
based on a model of vapour-liquid equilibrium is developed, allowing mixture parameters 
to be adjusted to different experimental variables (e. g. P and y) simultaneously and 
enabling identification of the optimal model on a quantitative basis. 
The systematic approach is demonstrated by modelling the strongly associating systems 
HF + water, HF + R134a and the strongly polar system R23 + R134a. In the next section 
previous experimental and modelling studies involving these systems are reviewed. The 
model of vapour-liquid equilibrium and parameter estimation procedure is then presented, 
together with a justification of asymmetric association models. In the following sections 
the SAFT-VR models developed are presented and a number of key issues are discussed. 
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Finally, the main outcomes of the chapter are concluded. 
5.2 Review of experimental and modelling studies 
5.2.1 HF + water 
There are a number of reasons why modelling the mixture HF + water is extremely 
difficult. Both pure components have a strong tendency to form hydrogen bonds with 
themselves and each other. The mixture shows strong deviations from non-ideality and 
contains a maximum boiling azeotrope at relatively low HF concentrations. According to 
the classification of van Konynenburg and Scott (1980), HF + water exhibits type IA phase 
behaviour. In order to develop predictive models for HF + water, association between like 
and unlike components must be accounted for explicitly. Performing experiments on aque- 
ous HF is extremely problematic because of the toxic, corrosive and reactive nature of HF. 
In addition HF is hygroscopic, meaning that it has the ability to absorb water molecules 
from the surrounding environment making accurate determination of concentration chal- 
lenging. In this section the experimental VLE data available for the HF + water mixture, 
including studies on the thermodynamic consistency of the data, are reviewed. This is 
followed by a review of previously developed thermodynamic models obtained to -model 
this complex system. 
A number of experimental VLE studies for the system HF + water have been found in 
the literature. Isobaric VLE data were reported by Munter et al. (1947) and Miki et al. 
(1990) and isothermal VLE data were reported by Brosheer et al. (1947), Munter et al. 
(1949) and Khaidukov et al. (1936). In table 5.1 the experimental data sources for the 
system HF + water are summarised. A number of older studies exist. However, these are 
not considered in this work because of doubts over their reliability. 
In Munter et al. (1947) isobaric VLE data at atmospheric pressure were reported for 
liquid HF compositions from 5- 89 % on a mass basis. Samples of the liquid and vapour 
phases were taken and the composition was determined by titration with standard sodium 
hydroxide solutions. The authors made comparisons with previously published data, but 
concluded that their data were the most reliable. They reported that an azeotrope occurs 
at 750.2 mmHg, 112 °C and 0.3862 mass fraction of HF in the liquid phase. 
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Table 5.1: A summary of the experimental VLE data sources for the system HF + water. For each 
source the controlled temperatures (for isothermal data) or the controlled pressure (for isobaric 
data) are reported. The remaining types of variables that have been measured are also listed. 
The * indicates that vapour compositions were determined from data reduction as opposed to 
experimental sampling. 
Source Specified T (K) or P (atm) Variables measured 
Khaidukov et al. (1936) 298.15,313.15,323.15,333.15,348.15 K P, x, y 
Brosheer et al. (1947) 298.15,313.15,333.15,348.15 K P, x, y* 
Munter et al. (1947) 1 atm T, x, y, 
Munter et al. (1949) 303.15,323.15,343.15 K P, x, y* 
Miki et al. (1990) 1 atm T, x, y 
Miki et al. (1990) also report isobaric VLE data at atmospheric pressure. The focus of 
their work was determining the composition of the mixture at very low concentrations 
of water. They reported T, x and y measurements from 24 - >99 mass percent of HF. 
The concentration of water in each phase was determined 'using conductivity cells. The 
authors maintained that their measurements were extremely reliable because the apparatus 
consisted of a closed circulating system, preventing any moisture from the surroundings 
being absorbed by the samples. In previous work by Munter et al. (1947) a small amount 
of ice was generally included in the sampled condensate to prevent vapour losses during 
the collection of the sample. As a result Miki et al. (1990) considered it likely that 
the samples absorbed small amounts of moisture during the analysis, resulting in higher 
concentrations of water. Miki et al. (1990) also reported calculated activity coefficients 
for the HF + water mixture obtained based on the assumption of ideal gas behaviour in 
the vapour phase. The validity of the assumption is questionable since HF is known to 
strongly associate in the vapour phase, as discussed in section 4.2.1. It should be noted 
that Miki et al. (1990) reprinted the VLE data of Munter et al. (1947) incorrectly, leading 
to some confusion in subsequent publications. 
In early work by Khaidukov et al. (1936) isothermal VLE data were reported at 298.15, 
313.15,323.15,333.15 and 348.15 K. Little is known about the experimental procedure 
since the original article is in Russian. However, experimental data are published in the 
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database Detherm (Fletcher et al., 1996). Total pressure measurements and coexisting 
phase compositions were reported for mixtures containing 5 to 37 mole percent HF in the 
liquid phase. 
Later Brosheer et al. (1947) published isothermal VLE data at 298.15,313.15,333.15 and 
348.15 K. They reported liquid compositions and partial pressures of HF and water. Again 
only mixtures of low HF concentration, ranging from 2- 30 mass percent were studied. 
Brosheer et al. (1947) commented that their data differ from that of Khaidukov et al. 
(1936) and other older sources. However, they pointed out that the data of Khaidukov 
et al. (1936) are quite inconsistent with each other as well as with other literature sources 
and suggested this may be because saturation was not reached in the experiments by 
Khaidukov et al. (1936). 
Munter et al. (1949) reported liquid compositions and partial pressures of HF and water for 
the isotherms 303.15,323.15 and 343.15 K. They studied mixtures over a wider composition 
range from 10 - 70 mass percent HF in the liquid phase. They concluded that results for 
mixtures with HF concentration higher than this were not reliable. Comparing their 
results with other authors they found that the partial pressures they reported are greater 
than those of Khaidukov et al. (1936) and lower than those of Brosheer et al. (1947). 
However, they reported that there was good extrapolation to the isobaric data of Munter 
et al. (1947) at atmospheric pressure. 
Vieweg (1963) extensively reviewed the early publications of experimental data for HF + 
water. He published correlated liquid concentrations and partial pressures of HF and water 
for the isotherms 273.15 - 393.15 K in 10 K intervals and liquid and vapour compositions 
for the isobars 200,400,600 and 760 torr, over a composition range of 5- 80 mass percent 
HF in the liquid phase. These data are based on interpolations and extrapolations from 
the data of Khaidukov et al. (1936), Brosheer et al. (1947), Munter et al. (1947) and 
Munter et al. (1949), which he concluded, on the basis of scope and reliability, are the only 
data sources that could be included in data reduction. However, Vieweg (1963) noted that 
in most of these data sources the reported mixtures contained less than 30 mass percent 
of HF and that there is unsatisfactory agreement between these data sources. Overall 
Vieweg (1963) concluded that from the 3 sources of isothermal VLE data that of Brosheer 
et al. (1947) is the most reliable. It should be noted that the correlated VLE data of 
Vieweg (1963) at atmospheric pressure was reprinted by Miki et al. (1990). It has since 
5. Systematic approach to developing thermodynamic models 174 
often been assumed that this is experimental data, although this was not stated by Miki 
et al. (1990). 
Recently a number of attempts have been made to determine the thermodynamic consis- 
tency of the HF + water data. Juwono (1998) examined the activity coefficients published 
by Miki et al. (1990) for thermodynamic consistency using the integral consistency test 
based on the Gibbs-Duhem equation. He found that the activity coefficients calculated 
by Miki et al. (1990) are not thermodynamically consistent and concluded that this is 
due to the ideal gas assumption made by Miki et al. (1990). Juwono (1998) accounted 
for non-ideality in the vapour phase by computing fugacity coefficients from SAFT-HS 
and SAFT-VR models and found a lower degree of inconsistency, although the measure of 
consistency is still an order of magnitude larger than the criterion for consistency. How- 
ever, it should be noted that the SAFT models for HF and water have been significantly 
improved in this work and in Clark et al. (2006) respectively. 
Smith and Visco (2004) tested the thermodynamic consistency of the data at atmospheric 
pressure reported by Miki et al. (1990), Vieweg (1963) and Munter et al. (1947) (as 
incorrectly reprinted in Miki et al. (1990)). They used the direct test of thermody- 
namic consistency that enabled them to make conclusions about individual 'data points 
as opposed to complete data sets as in the integral test used by Juwono (1998). Fu- 
gacity coefficients to account for non-ideality in the vapour phase were computed using 
the improved AEOS model (Visco and Kofke, 1999a). They concluded that for solutions 
containing more than 60 mole percent of HF the experimental data becomes increasingly 
inconsistent. In addition, they used Barker's method (Barker, 1953) and the temperature- 
dependent Margules equation parameters to predict vapour phase compositions, which are 
a compromise between the three sets of data examined. 
The thermodynamic consistency of the data reported by Miki et al. (1990), Vieweg (1963) 
and Munter et al. (1947) (as printed in the original source) was also tested by Wierzchowski 
and Kofke (2004). They performed an integral thermodynamic consistency test as had 
Juwono (1998). Non-idealities in the vapour phase were accounted for using fugacity 
coefficients computed from molecular simulations. The consistency tests performed by 
Wierzchowski and Kofke (2004) led them to prefer the data sets of Munter et al. (1947) and 
Vieweg (1963) over the data set of Miki et al. (1990), although they comment that the good 
performance of the first two works may result from a cancelation error. They acknowledged 
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that the conclusions should be taken with due consideration of the approximations inherent 
in the analysis such as the potential models used and grafting of some of the data from 
Munter et al. (1947) to that of Miki et al. (1990) at dilute HF concentrations. 
In the remainder of this review thermodynamic models developed to describe the phase be- 
haviour of HF + water are examined. Researchers have tended to account for non-idealities 
due to association using either chemical approaches or thermodynamic perturbation theo- 
ries, specifically the SAFT family of equations. Galindo et al. (1997) modelled the phase 
behaviour of HF + water mixture using SAFT-HS. They developed a two-site model for 
HF and a four-site model for water. In order to capture the non-idealities of the mixture 
phase behaviour the strength of mixture dispersion and association interactions (¬ij and 
eHB) were adjusted to the azeotropic point of Munter et al. (1947). They then compared 
SAFT-HS predictions with the isobaric VLE data of Munter et al. (1947), Vieweg (1963) 
and Miki et al. (1990) and the isothermal VLE data of Brosheer et al. (1947), obtaining 
good agreement with all data sets. 
The same approach to mixture model development was followed by Juwono (1998). He 
developed a two-site HF + four-site water SAFT-VR model and compared it to the SAFT- 
HS model of Galindo et al. (1997), obtaining similar description of VLE at 1 atm and 
slightly worse description of the isothermal VLE data of Brosheer et al. (1947). Juwono 
(1998) also investigated the predictive ability of the SAFT-HS and SAFT-VR mixture 
models obtaining poor agreement with liquid density and liquid heat capacity, reasonable 
agreement with heat of vaporisation and good agreement with activity coefficients for the 
mixture. 
Grice (1999) also developed VLE models for HF + water using SAFT-VR, again following 
the same methodology as used by Galindo et al. (1997) to develop a SAFT-HS mixture 
model. A four-site water model was combined with a two-site or three-site HF model. A 
three-site HF model with one site switched off in mixture interactions was also investigated, 
this is referred to as the three(-two)-site HF model. The three-site HF + water model was 
eliminated because of poor prediction of liquid compositions at high HF concentrations. 
The two-site and three(-two)-site HF + water models both described the phase behaviour 
over the entire composition range well. The three(-two)-site HF + water model was chosen 
as optimal to be in line with a better description of pure HF phase behaviour obtained by 
the three-site model. 
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Adopting the chemical approach to model aqueous HF is difficult since both HF and 
water are strongly associating. Strictly an association scheme for both pure components 
as well as a cross association scheme for mixture interactions should be proposed. Such a 
rigorous approach leads to a large number of model parameters that need to be determined 
from experimental data. Baburao and Visco (2002) modelled the mixture HF + water 
using the improved AEOS model (Visco and Kofke, 1999a) and van der Waals mixing 
rule. Although the mixture model contains only one adjustable parameter, the HF model 
contains a minimum of 8 adjustable parameters. Furthermore, to simplify the model water 
is treated as a non-associating species. As acknowledged by the authors this is a crude 
approximation. The mixture parameter was obtained by correlating the mixture data 
of Miki et al. (1990). The authors interpreted the large negative value of the mixture 
parameter as an indication of the strong cross interactions between HF oligomers and 
water. Baburao and Visco (2002) predicted the phase behaviour of the mixture at 0.5,1 
and 2 atmospheres. They found that as well as the experimentally observed azeotropic 
point a second azeotrope is predicted at dilute HF concentrations, although this has not 
been observed experimentally or implied by experimental data at low HF concentrations. 
Double azeotropy was also predicted for some HF + refrigerant mixtures and may be 
a result of treating the second component in the mixture as non-associating. Recently, 
Baburao et al. (2007) performed a detailed quantum mechanical study into the clusters 
present in aqueous HF. An analysis was performed to identify the HF - H2O clusters most 
likely to be present at various conditions. It is their aim to incorporate this information 
in the development of a predictive equation of state for aqueous HF. 
In conclusion, the experimental VLE data sets at atmospheric pressure are in satisfactory 
agreement with one another. Thermodynamic consistency tests have indicated decreas- 
ing reliability in points containing more than 60 mole percent HF. However, there is a 
significant degree of inconsistency amongst the isothermal VLE data sets. SAFT-HS and 
SAFT-VR models for HF + water, where HF was modelled as containing two or three sites, 
have been developed by fitting two mixture parameters to the azeotropic point at atmo- 
spheric pressure. VLE predictions over extended conditions have shown good agreement. 
The chemical approach has also been used to model this strongly associating mixture. 
However, in a simplification water was treated as non-associating, an extremely unrealis- 
tic approximation. Although the chemical model seemed to fit the data at atmospheric 
pressure well, a second azeotrope was predicted at dilute HF concentrations, which has 
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not been observed experimentally. 
5.2.2 HF + R134a 
Performing experimental and modelling studies on HF + R134a is very challenging. HF 
strongly associates in both the liquid and vapour phase and association interactions also 
occur in R134a due to a strong dipole moment and perhaps even weak hydrogen bond- 
ing. The strong attractive interactions of HF and the weak unfavorable interactions of 
R134a result in strong deviations from ideality in the mixture with a minimum boiling 
azeotrope observed at weak HF concentrations. Experimentally type IA phase behaviour 
in the classification of van Konynenburg and Scott (1980) has been observed, although 
many modelling studies, including this work, have predicted liquid-liquid immiscibility at 
low temperatures indicating that phase behaviour may be type IIA. However, there is no 
low temperature data available for the HF + R134a system apart from the VLE mea- 
surements at 253 K by Wilson and Wilding (1994). As with any system containing HF 
experimental work is challenging, dangerous and expensive. Experimental apparatus must 
be constructed from strong metal alloys and so it is not easy to confirm experimentally 
the presence of liquid-liquid immiscibility. 
From a search of the literature three experimental studies on HF + R134a have been 
found; Santacesaria et al. (1993), Wilson and Wilding (1994) and Lee et al. (1996). The 
details of the experimental data found in these sources are summarised in table 5.2. 
In Santacesaria et al. (1993) isobaric VLE measurements at 3 and 10 atm were reported; 
measurements were approximately in the temperature range 273 - 320 K and 310 - 373 K. 
In order to observe if liquid-liquid immiscibility occurred, three samples were taken from 
the stainless steel equilibrium cell, one vapour phase sample and two liquid phase samples, 
one from the head and one from the bottom of the liquid phase. The concentration of 
HF was determined from measurements. A minimum boiling azeotrope was observed for 
the HF + R134a mixture. Santacesaria et al. (1993) also modelled the experimental 
data using the NRTL model and virial equation to represent the liquid and vapour phases 
respectively. In the same work binary mixtures of HF with R113, R123 and R133a were also 
studied experimentally. All of these mixtures exhibited wide immiscibility gaps, although 
immiscibility was not observed for HF + R134a. Santacesaria et al. (1993) examined the 
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Table 5.2: A summary of the experimental VLF data sources for the system HF + R134a. For each 
source the controlled temperatures (for isothermal data) or the controlled pressures (for isobaric 
data) are reported. The remaining types of variables that have been measured are also listed. 
The * indicates that vapour compositions were determined from data reduction as opposed to 
experimental sampling. 
Source Specified T (K) or P (atm) Variables measured 
Santacesaria et al. (1993) 3,10 atm T, x, y 
Wilson and Wilding (1994) 253.15,333.15 K P, x, y* 
Lee et al. (1996) 283.27,298.15 K P, x, y* 
conditions of phase instability for all the mixtures by studying the second derivative of 
molar Gibbs free energy of mixing with respect to mole fraction. They concluded that HF 
+ R134a would not exhibit immiscibility gaps at temperatures higher than 273K, which 
was in agreement with their experimental data, but did not comment with regard to lower 
temperatures. 
Wilson and Wilding (1994) performed isothermal VLE experiments at 253.15 and 333.15 K. 
The total pressure of the system was measured at a specified temperature and the equilib- 
rium compositions of the liquid and vapour phases were determined from data reduction. 
This type of experimental procedure is referred to as the PTx method in this work. The 
vapour phase was modelled using the SRK equation of state (Soave, 1972) and the liquid 
phase was modelled using either the Wilson (Wilson, 1964), NRTL (Renon and Prausnitz, 
1968) or Redlich-Kister (Prausnitz et al., 1986) activity coefficient model. Non-idealities 
in the vapour phase for HF were accounted for by a monomer-hexamer model proposed 
by Gillespie et al. (1985). Wilson and Wilding (1994) observed an azeotrope at low 
HF concentrations. They did not suggest the possibility of liquid-liquid immiscibility at 
253.15 K, although inspection of the P-x plot of their data shows a flat region at low HF 
concentrations, often an indication of LLE. Furthermore, the stainless steel equilibrium 
cell made it impossible to observe the number of phases present. 
Lee et al. (1996) also performed PTx experiments and reported isothermal VLE data 
for HF + R134a at 283.27 and 298.15 K. The liquid composition was determined from 
known masses of each component added to the equilibrium cell and the vapour phase was 
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calculated from data reduction. The Peng-Robinson (Peng and Robinson, 1976) equation 
of state with non-idealities accounted for using the 1-2-6-8 association model of Schotte 
(1980) was used to model the vapour phase. The liquid phase was modelled using the 
modified Wilson equation (Gillespie et al., 1985). Lee et al. (1996) also observed a 
minimum boiling azeotrope at low HF concentrations for both isotherms. 
A number of models for HF + R134a have been developed using both SAFT and the 
chemical approach to describe association. Galindo et al. (1997) developed a SAFT-HS 
model for HF + R134a, where both components were modelled as containing two sites. 
The mixture parameters describing the strength of dispersion and association interactions 
(Eat and eHB) were optimised to the bubble point compositions of the isothermal VLE 
data of Wilson and Wilding (1994) and Lee et al. (1996). Good agreement with the VLE 
data at 283 K or higher was obtained. However, below this temperature liquid-liquid 
immiscibility was predicted. 
In a later study by Grice (1999) SAFT-VR models for HF + R134a were developed in the 
same manner. Two different HF models were investigated, a two-site model and a three(- 
two)-site model, as previously mentioned. R134a was modelled as containing two sites. 
Grice (1999) found that the optimal model was obtained with the two-site HF model. 
Liquid-liquid immiscibility was predicted at 253.15 K. It should be highlighted that in 
both SAFT studies the isotherms of Lee et al. (1996) and Wilson and Wilding (1994) 
ranging from 253.15 - 333.15 K were correlated with a single set of mixture parameters, 
although liquid-liquid immiscibility was predicted for the low temperature isotherm. 
A number of authors have studied the mixture HF + R134a using the chemical approach. 
Cho et al. (1998) correlated the isotherms at 283.27 and 298.15 K using a new composition- 
dependent mixing rule for the AEOS model of Lencka and Anderko (1993) and compared 
their calculations with three other chemical approaches. Different mixture parameters 
were required for each isotherm. They found that liquid-liquid immiscibility was predicted 
by a SRK based hexamer model at 283 K, which is clearly not in agreement with the 
experimental data. Lee and Kim (2001) also used the chemical approach to model this 
system using the association scheme of Schotte (1980) to model HF vapour phase non- 
idealities. Again different mixture parameters for the 283.27 and 298.15 K isotherms were 
required. Using the improved AEOS approach and the Wong-Sandler and van der Waals 
one-fluid mixing rules Baburao and Visco (2002) correlated the same two isotherms using 
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a single set of mixture parameters. Predictions at 233 K show a region of liquid-liquid 
immiscibility with the parameters from the Wong-Sandler mixing rule. In all studies using 
the chemical approach R134a was modelled as non-associating. 
In related studies by Economou and Peters (1995) APACT, a chemical approach, was 
used to study mixtures of HF with refrigerants R22, R113a and R12, where again the 
refrigerants were all modelled as non-associating. Fconomou and Peters (1995) found that 
liquid-liquid immiscibility was predicted at low temperatures for the HF + refrigerant 
systems, although this had not been confirmed experimentally. They reasoned that at low 
temperatures HF self-association is very strong and so excludes the refrigerant molecules 
from their immediate neighbourhood creating two immiscible liquid phases. As temper- 
ature increases the dispersion interactions between unlike components become relatively 
more important and the two liquid phases become completely miscible. 
In summary, the three experimental data sources show the presence of a minimum boiling 
azeotrope at weak HF concentrations. SAFT models developed for HF + R134a capture 
the azeotropic behaviour with a single set of mixture parameters, while the chemical 
approaches tend to require a different sets of mixture parameters for each isotherm. Liquid- 
liquid immiscibility is predicted by the SAFT models and some of the chemical approach 
models. This has not yet been confirmed experimentally. However, the isothermal data 
at 253.15K shows a very flat region, typically an indication of liquid-liquid immiscibility. 
5.2.3 R23 + R134a 
R134a and R23 are both commonly used HFCs. As mentioned in section 4.4.2 and 4.4.3 
they are strongly polar molecules. The mixture phase behaviour of these fairly similar 
chemicals shows very little deviation from ideality and exhibits type I phase behaviour in 
the classification of van Konynenburg and Scott (1980). Three experimental studies into 
the phase behaviour of R23 + R134a have been found in the literature. The details of the 
three experimental studies are summarised in table 5.3. 
Firstly, Kleiber (1994b) reported isothermal VLE data for R23 + R134a at 255 and 265 K. 
The data in PTxy form was retrieved from the Detherm database (Fletcher et al., 1996). 
It is assumed that the same experimental apparatus and procedure were used as described 
in Kleiber (1994a), where liquid and vapour phase samples were taken and compositions 
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Table 5.3: A summary of the experimental VLE data sources for the system R23 + R134a. For 
each source the controlled temperatures (for isothermal data) are reported. The remaining types 
of variables that have been measured are also listed. The * indicates that vapour compositions 
were determined from data reduction as opposed to experimental sampling. 
Source Specified T (K) Variables measured 
Kleiber (1994a) 255,265 K P, x, y 
Lim et al. (2001) 283.15,298.15 K P, x, y 
Cui et al. (2006) 258.15,263.15,268.15,275.15,283.15,293.15 K P, x, y 
were determined by gas chromatography. Later Lim et al. (2001) reported isothermal 
VLE data at 283.15 and 293.15 K. These measurements were taken very close to the 
critical temperature of R23 at 299.07 K (Lim et al., 2001). A circulation type equilibrium 
apparatus was used, with the equilibrium cell constructed from stainless steel with a 
pyrex glass window for observation. Again samples of the coexisting phases were taken 
and compositions were determined using gas chromatography. No azeotropic behaviour 
was observed. Lim et al. (2001) correlated the experimental data using the Peng-Robinson 
equation of state and Wong-Sandler mixing rules, obtaining good agreement. 
Recently, Cui et al. (2006) published VLE data for R23 + R134a covering a wide range 
of temperatures, 258.15,263.15,268.15,275.15,283.15 and 293.15 K. A circulation type 
equilibrium cell was used and compositions of the coexisting phases were determined using 
gas chromatography. However, the experimental data by Cui et al. (2006) is not in good 
agreement with the previously published data of Lim et al. (2001) and Kleiber (1994b). 
Cui et al. (2006) correlated their experimental data using the PRSV equation of state 
with Wong-Sandler mixing rules. 
The studies of Lim et al. (2001) and Cui et al. (2006) show that this refrigerant mixture 
can be successfully described using a cubic equation of state. In a search of the literature 
no previous SAFT models for R23 + R134a have been found. In Swaminathan and Visco 
(2005b) a number of other HFC mixtures were successfully described by SAFT-VR with 
only a small correction to a single mixture parameter. 
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5.3 Formulation of the parameter estimation problem 
In this chapter a systematic approach to obtaining mixture parameters is developed. As 
discussed in section 3.3.1 a number of different features of mixture phase behaviour or 
different types of mixture data can be used to determine mixture parameters. The aim 
of this work is to adjust mixture parameters simultaneously to pressure (P), temperature 
(T) and vapour composition (y) from experimental isobaric and isothermal VLE data sets, 
thus developing thermodynamic models for mixtures that can be used with confidence over 
a wide range of conditions. 
The mathematical model of vapour-liquid equilibrium for a binary mixture consists of the 
equations that describe phase equilibrium, as examined in chapter 3, namely equality in 
temperature, pressure and chemical potential of a given component. These equations as 
a function of temperature, molar volume, composition, pure component parameters and 
mixtures parameters are written as 
T =Tliq=Tvap 
P=f (Tliq, vliq, x; e, a) =f (rap, vvap, y; o, a) 
(5.1) 
(5.2) 
M, (Tliq, vciy, x; e, 5) = pi(Tvap, vvap, y; 9, b) i=1,2, (5.3) 
where P is pressure, T is temperature, v is molar volume, x and y are the liquid and 
vapour phase compositions respectively, µ is the chemical potential, B is the matrix of 
pure component parameters, S is the set of mixture parameters, superscripts liq and vap 
denote the phase and subscript i denotes the component. A further condition is that the 
sum of the mole fractions in the liquid and vapour phase must be equal to 1 
xl + X2 =1 (5.4) 
Y1 + y2 = 1. (5.5) 
In the case of isothermal VLE data, pressure (P) and vapour phase composition (y) are 
calculated-for a given temperature (T), liquid phase composition (x), pure component 
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models (0) and mixture model (b). If isobaric VLE data is available the same procedure 
is followed, except that pressure is specified and temperature is calculated. The pure 
component models describing the interactions between like molecules have already been 
determined in chapter 4. 
The objective of mixture model development is to obtain the optimal set of mixture param- 
eters. This is achieved by minimising the difference between calculated and experimental 
values of P and y for isothermal data and T and y for isobaric data. A least squares formu- 
lation of the objective function is used, relative in terms of pressure and temperature and 
absolute in terms of vapour mole fraction. This accounts for the difference in magnitude of 
the experimental variables and so ensures that there is equal contribution to the objective 
function from all variables. A weighting could be incorporated into the formulation of the 
objective function to represent the experimental error. However, since the experimental 
data used was from many different sources, not all of which report experimental errors it 
was decided to weight all data points equally. The objective function used is 
NIT NPp (ppeq p- pcalc(S))2 
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(5.6) 
where NIT is the number of isothermal VLE data sets, NIB is the number of isobaric 
VLE data sets, NPD, NTp, Nyp are the number of pressure, temperature and vapour mole 
fraction points in the pth data set, Ppq, Tpq, ypq are the experimental or predicted pressure, 
temperature and vapour mole fraction in the pth data set and S is the set of mixture pa- 
rameters to be estimated. One or more of the mixture parameters can easily be estimated 
from this formulation. 
For parameter estimation a gradient-based algorithm is used to identify a local minimum, 
as implemented in gPROMS (Oh and Pantelides, 1996; PSE, 2004a; PSE, 2004b). To 
increase the likelihood of finding the global minimum, the parameter estimation is repeated 
for a number of different initial guesses of the mixture parameters being estimated. In 
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order to obtain the best mixture model it is necessary to first develop intermediate models 
by adjusting the mixture parameters to a smaller number of data points. The parameters 
from the intermediate model are then used as initial guesses in the development of final 
models obtained by including all consistent data in parameter estimation. The foreign 
object implementation of the SAFT-VR equation of state is used (Kakalis, 2006). The 
optimal mixture model is chosen on the basis of lowest objective function. Relative %AADs 
for temperature and pressure and AADs for mole percent are used to evaluate how well 
VLE phase behaviour is described by the mixture model. 
In this work the concept of asymmetric association interactions is investigated. This 
means that the constraint eH 6= eHB is lifted. To follow the physical reasoning behind 
this, a real system must be considered, for example HF + H20. The interactions between 
like and unlike molecules for HF + H2O are illustrated in figure 5.1. From figure 5.1 
it is clear that only one type of hydrogen bond occurs between HF-HF and H20-H20 
molecules. However, in the unlike interactions between HF-H20 it can be observed that 
two different hydrogen bonds are formed. In the same way that the strength of the covalent 
bond between H-F and 0-H is different it is clear that the strength of the hydrogen bond 
between F-H and 0-H is also different. Walsh et al. (1992) considered systems in which 
neither component self-associated, but cross-association interactions were important and 
accounted for by the introduction of sites in the mixture. Conversely, Grice (1999) switched 
off sites in unlike interactions to improve the description of mixture phase behaviour of 
systems containing HF. Kleiner and Sadowski (2007) studied systems where only one pure 
component did not self-associate, but cross-association did occur and was again accounted 
for by the introduction of sites. In all of these works the constraint EHB = ENB was 
imposed. Examples of asymmetry in the strength of cross association interactions, where 
the constraint is lifted EHB exs, were not found in a search of the literature. 
5.4 SAFT-VR mixture models 
5.4.1 HF + water 
The SAFT-VR models for the mixture HF + water are now presented. The HF-HF inter- 
molecular interactions are represented by the HF models obtained in this work, presented 









Figure 5.1: The like and unlike interactions for the system HF + water are illustrated. The solid 
lines represent covalent bonds and the dashed lines enclosed in an ellipse represent hydrogen bonds. 
in section 4.4.1. Mixture models are developed using both the three-site and two-site 
molecular models for HF, in order to further verify that the three-site HF model gives 
optimal representation of pure HF and mixture interactions. The H20-H20 intermolec- 
ular interactions are represented by the robust four-site model developed by Clark et al. 
(2006). The pure component SAFT-VR parameters for both components are given in 
table 5.4. 
A number of different association schemes for the mixture HF + water are considered. 
Symmetric and asymmetric cross association interactions are investigated, as introduced 
in section 5.3. In summary the following molecular models are investigated: 
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Table 5.4: The three-site and two-site HF models and the four-site H2O model used in mixture 
model development. " and b denote developed in this work and in Clark et al. (2006) respectively. 
Model sites mv elk A 6HB/k rc rc 
(-) (A) (K) (-) (K) (A) (-) 
HF3a 3 1 2.74081 111.122 1.64666 1956.55 2.43897 0.889871 
HF2a 2 1 2.88071 124.461 1.79781 1751.86 2.88071 1.00000 
w il 4 1 3.03420 250.000 1.78890 1400.00 2.10822 0.694819 
" three-site HF + four-site water, symmetric 
" three-site HF + four-site water, asymmetric 
" two-site HF + four-site water, symmetric 
" two-site HF + four-site water, asymmetric 
It would be confusing to present all the models developed in this results section. Instead 
the final parameters for each type of molecular model and a few additional models that 
illustrate important points are presented and discussed in detail. A key to the models 
presented in this section can be found in table 5.5. The pure component models, type of 
cross association interactions, mixture parameters estimated, experimental data used in 
parameter estimation and model name, as referred to in this work, are also summarised 
in that table. 
Firstly, intermediate models for all of the association schemes listed are developed by 
optimising cjj (reported as a correction factor k ), CHB and, in the case of the asym- 
metric models, fijb HB to the temperature and vapour composition measurements of Munter 
et al. (1947) and Miki et al. (1990) at 1 atmosphere. The remaining mixture parameters 
(o j, Aij, rc, ijab) are obtained from the Lorentz-Berthelot-like combining rules presented 
in section 2.4.1. The intermediate models are used to evaluate the consistency of the 
isothermal data sets, which as discussed in section 5.2.1, show significant inconsistency. 
Deviations between SAFT-VR predictions of the intermediate model and experimental 
measurements for each of the isothermal data sets are evaluated in terms of %AADs in 
pressure and AADs in vapour mole percent, where available. 
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Table 5.5: The mixture models for HF + H2O are referred to as Ml to M5. The pure component 
models, type of cross association interaction, mixture parameters estimated and experimental data 
included in parameter estimation for each of these models is summarised. The letters refer to 
experimental data sources as follows; a- Munter et al. (1947) (isobaric), b- Miki et al. ' (1990) 
(isobaric) and c- Brosheer et al. (1947) (isothermal). 





Ml HF3 Wl sym. Eii, eHB a, b 
M2 HF3 Wl sym. Eij, EHab a, b, c 
M3 HF3 Wl asym. Eij, fHB, EHB a, b, c 
M4 HF2 Wl sym. eij, EHab a, b, c 




Ebl iýCUba , rc, ijab a, b, c 
To illustrate how the consistency of the isothermal data sets is determined the intermediate 
model for the three-site HF + four-site water model with symmetric cross association 
interactions (Ml) is considered. The mixture parameters obtained for M1 together with 
a quantitative analysis of M1 in terms of the objective function, %AADs in temperature 
and AADs in mole percent are presented in table 5.6. It should be noted that in this work 
the strength of cross-association interactions is reported as eHB. The strength of cross- 
association interactions can also be described in terms of kid 
b 
which can be computed 
from equation (2.49). To give an idea of the magnitude of k6a value of 0.154210 was 
calculated for the M1 model. However, in the rest of this work the strength of cross- 
association interactions is reported in terms of 6HB. Furthermore, it is interesting to note 
that EHB (1399.82) is very similar to eNB for water (1400.00), although this is not the 
case for the subsequent final models. 
It can be seen that the intermediate model M1 describes the isobaric data sets very well, 
with %AADs in temperature of 0.79 % and AADs in mole percent of 1.16 %. This is 
further confirmed by examining the SAFT-VR calculations compared to experimental 
data in figure 5.2a. It can be observed that the azeotropic point is captured well, although 
not just the azeotropic point but also data points covering the entire composition range are 
included in parameter estimation. In addition, the sensitivity of the estimated parameters 
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Table 5.6: The M1 model for HF + water, where eq (reported as a correction factor kf. ) and eN b 
are fitted to the isobaric VLE data of Munter et al. (1947) and Miki et al. (1990) at 1 atmosphere. 
The objective function, %AADs for temperature and AADs for vapour phase mole percent are 
reported. 
Model k 13 f 
HB ý& fobj %AADT (%) AADy (%) 
Ml -0.798245 1399.82 0.006812 0.79 1.16 
Table 5.7: The intermediate mixture model M1, as presented in table 5.6, is used to evaluate the 
consistency of the data sets. An evaluation of the overall %AADs for temperature and AADs for 
vapour mole percent (where data is available) for the three inconsistent sets of isothermal VLE 
data for HF + water. 
Data source %AADT (%) AADy (%) 
Brosheer et al. (1947) 2.43 - 
Munter et al. (1949) 21.01 - 
Munter et al. (1949) (WHF < 30 %) 2.84 - 
Khaidukov et al. (1936) 2.83-29.86 0.50-13.81 
is considered for the M1 model. If the parameter values are rounded to k_ -0.8 and 
eH b= 1400.00, this corresponds to a slightly higher objective function of 0.006830 and the 
same values of AADs. This insensitivity is interesting to note, since in systems containing 
polymers similar changes in parameter values can result in significantly different phase 
behaviour predictions. 
The %AADs in pressure and AADs in vapour mole percent obtained from SAFT-VR 
predictions compared to the isothermal data sets are presented in table 5.7. The SAFT- 
VR predictions compared to the three inconsistent isothermal data sources are presented 
in figure 5.2b, c, and d. From table 5.7 and figure 5.2b it is clear that the isothermal VLE 
data of Brosheer et al. (1947) is in good agreement with the isobaric data predictions. 
The overall %AAD in temperature is 2.43 %, which is the same order of magnitude as that 
obtained from the VLE data at 1 atm. The data of Munter et al. (1949) (table 5.7 and 
figure 5.2c) is in good agreement with SAFT-VR predictions at low HF concentrations: 
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an %AAD of 2.84 % is obtained for data below 30 % HF on a mass basis. However, when 
data over the entire composition range is considered the %AAD increases to 21.01 %. This 
shows that there is some inconsistency between the VLE data at 1 atm reported by Munter 
et al. (1947), used in parameter estimation, and the isothermal VLE data reported by 
the same workers in Munter et al. (1949). Finally, the data of Khaidukov et al. (1936) 
is found to be significantly inconsistent with the other data sets. In addition, there is a 
large degree of inconsistency between the various isotherms reported by Khaidukov et al. 
(1936). Much lower %AADs are found for data reported at 348.15 K compared to the 
data reported at 298.15 K. The range of %AADs, as opposed to an overall value for all 
isotherms, is reported in table 5.7. The large degree of inconsistency supports the claim 
by Brosheer et al. (1947) that saturation was not achieved in the experiments performed 
by Khaidukov et al. (1936). As a result of this investigation into the consistency of various 
sources of isothermal VLE data sets only the data of Brosheer et al. (1947) are included 
in further parameter estimation. 
Final mixture models for HF + water are developed by fitting the mixture parameters k 
and eH 6 (also Cijba for the asymmetric association models) to the measured temperatures 
and vapour compositions of Munter et al. (1947) and Miki et al. (1990) at 1 atmosphere 
and the total pressure measurements of Brosheer et al. (1947) at 298.15,313.15,333.15 
and 348.15 K. It should be noted that the isothermal VLE data of Brosheer et al. (1947) 
covers a pressure range of 0.02 - 0.4 atm, an order of magnitude lower than the isobaric 
VLE data at 1 atm. The temperature range covered by the isobaric data at 1 atm is 290 
- 390 K. As in the intermediate models the remaining mixture parameters (vij, ) j, rc, tjab) 
are determined from the Lorentz-Berthelot-like combining rules presented in section 2.4.1. 
The optimal mixture parameters obtained and a quantitative evaluation of how well the 
models fit all the experimental data used in parameter estimation are given in table 5.8. 
From table 5.8 it is clear that all of the SAFT-VR models for HF + water that were 
developed in this work give good agreement to experimental data over a wide range of 
conditions. The models M2 and M3, containing the HF3 model, show a marked improve- 
ment over the M4 model that contains the HF2 model. A two-site HF + four-site water 
model with asymmetric unlike association interactions was also developed. The optimal 
mixture parameters obtained were very sensitive to the initial guess provided. If in the 
initial guess provided e'B = eN b, then in the resulting solution to parameter estimation 
ExB =¬ ija6 aia6+ even thought this constraint was not 
imposed. On the other hand, if in 
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Figure 5.2: The intermediate M1 model for the mixture HF + water, where eil and eH 6 are fitted 
to the VLE data of Munter et al. (1947) and Miki et al. (1990) at 1 atmosphere. (a) SAFT-VR 
calculations compared to the experimental data used in parameter estimation, filled circles Munter 
et al. (1947), open triangles Miki et al. (1990) (b, c, d) SAFT-VR predictions compared to the 
isothermal VLE experimental data of Brosheer et al. (1947), Munter et al. (1949) and Khaidukov 
et al. (1936) respectively. Open squares liquid compositions, asterisks vapour compositions. 
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Table 5.8: The final HF + water mixture models, where e, j (reported as a correction factor k, j) 
and eH 6/6Q are obtained from estimation to the data of Munter et al. (1947), Miki et al. 
(1990) and 
Brosheer et al. (1947). The remaining mixture parameters are obtained from Lorentz-Berthelot-like 
combining rules. A quantitative evaluation of the models in terms of objective function, %AADs 
in temperature and pressure and AADs in vapour mole percent is also presented. The model M5, 
where rc, ii. b is also estimated is presented as well. 
Model k f. C HB rc, ijab fobj %AADT AADy %AADp 
M2 -0.970020 1154.35 1154.35 - 0.011885 0.77 1.40 0.98 
M3 -1.020784 1196.60 1046.24 - 0.011504 0.86 1.36 0.96 
M4 -0.409720 1831.15 1831.15 - 0.027413 0.88 1.16 2.43 
M5 -0.945520 1496.36 1673.38 1.98780 0.008263 0.65 1.11 0.68 
the initial guess provided CH B4 EHB , then the resulting solution for the asymmetric 
model had a higher objective function than the symmetric model, although there was 
an additional degree of freedom in parameter estimation. It appears that the local solu- 
tion obtained for the symmetric model is better than the local solution obtained for the 
asymmetric model and so an asymmetric model for this association scheme was ruled out. 
From the final models, M2-M4, the model with the lowest objective function is M3 and is 
therefore recommended as the optimal model. Since many more experimental data points 
were included in the development of the final models (M2-M4) compared to the interme- 
diate models (Ml), there is, as expected, an increase in overall %AADs for temperature 
and AADs for vapour mole percent. However, there is still excellent agreement between 
the SAFT-VR model and experimental data with overall %AADs for temperature and 
pressure and AADs for vapour mole percent for M3 of 0.86,0.96 and 1.36 % respectively. 
The SAFT-VR calculations for M3 compared to the experimental data used in parameter 
estimation are shown in figure 5.3. The other models in table 5.8 are not presented in 
figure 5.3 as they are not sufficiently distinguishable. 
The possibility of optimising further mixture parameters to experimental data is also con- 
sidered. In M5 the range of cross association interactions (rc, ijab) is optimised in addition 
to the cross dispersion and association strengths. The mixture parameters, objective func- 
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Figure (a) Figure (b) 
Figure 5.3: The M3 model for HF + water with kýj and eH b/ba fitted to the VLE data of Munter 
et al. (1947) and Miki et al. (1990) at 1 atmosphere and Brosheer et al. (1947) at 298.15,313.15, 
333.15 and 348.15 K. (a) T-x slice at 1 atm, (b) P-x slices at 298.15,313.15,333.15 and 
348.15 K. Symbols as in figure 5.6. 
tion and AADs for M5 are presented in table 5.8. There is a significant difference between 
rc, iiab in M5 of 1.98780 A compared to 2.27960 A in M3, obtained from the Lorentz- 
Berthelot-like combining rule. It can be observed that there is a marked improvement in 
the AADs of M5 compared to M3. The azeotropic temperature is captured better by M5, 
this can be seen in an improvement in %AAD for temperature from 0.86 % to 0.68, % and 
improved description of the azeotropic temperature in figure 5.4. Estimation of the range 
of cross dispersion interactions (aal) (not reported here) did not result in a significant 
improvement in the objective function or AADs. 
As expected estimation of more parameters, i. e. more degrees of freedom, results in a 
lower objective function and AADs. However, an analysis of the statistical significance of 
the estimated parameters or their correlation is not possible, since the experimental error 
has not been incorporated into the objective function. As a result it is decided that the 
maximum number of parameters that could be reasonably estimated in the final model is 
three, these being k1ý, eH b and ejb , as presented in table 5.8 and hence M3 is chosen as 
the optimal model. 
The HF + water models obtained in this work compare well with previously published 
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Figure 5.4: The M5 model for HF + water with k5., EHab, E' and r,, jjab fitted to the VLE data 
of Munter et al. (1947) and Miki et al. (1990) at 1 atmosphere and Brosheer et al. (1947) at 
298.15,313.15,333.15 and 348.15 K. (a) T-x slice at 1 atm, (b) P-x slices at 298.15,313.15, 
333.15 and 348.15 K. Symbols as in figure 5.6. 
SAFT models in Galindo et al. (1997), Juwono (1998) and Grice (1999). It should be noted 
that Grice (1999) found that the mixture model containing the three-site HF model in fact 
gave the poorest description of experimental data at 1 atm. In order to use consistently 
the same HF model to best represent pure HF-HF and HF-H20 interactions Grice (1999) 
developed a mixture model that used the three-site HF model for pure interactions and 
switched off one site in mixture interactions. This can be thought of as an extreme case of 
the asymmetric cross association investigated in this work. However, it has been shown in 
this work that with improved pure component models and a systematic approach to the 
determination of mixture parameters, which includes more mixture data over the entire 
composition range, the mixture models containing the three-site HF model (M2 and M3) 
give better results than M4 containing the two-site HF model. In addition, the two-site 
HF + four-site water model, M4, obtained in this work shows improved description of 
the azeotropic pressure of the isothermal VLE data compared to the model presented 
by Juwono (1998). Finally, the development of an asymmetric association model further 
improves the description of the experimental data for this complex mixture. 
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5.4.2 HF + R134a 
The results for the mixture HF + R134a are now presented. Since it was shown in 
section 4.4.2 that both the three-site and two-site models gave excellent descriptions of 
the R134a-R134a interactions, to almost the same degree of accuracy, both these models 
are considered in the development of a mixture model for HF + R134a. Again both the 
three-site and two-site HF models are investigated. The pure component models for R134a 
are reprinted in table 5.9, those for HF were reprinted in table 5.4. 
As in the development of a mixture model to describe HF + water, a number of different 
molecular models to describe HF-R134a interactions are considered. In addition, again 
both symmetric and asymmetric association interactions are considered. In summary the 
following molecular models to represent the mixture HF + R134a are investigated: 
" three-site HF + three-site R134a, symmetric 
9 three-site HF + three-site R134a, asymmetric 
" three-site HF + two-site R134a, symmetric 
" three-site HF + two-site R134a, asymmetric 
" two-site HF + two-site R134a, symmetric 
" two-site HF + two-site R134a, asymmetric 
To avoid confusion not all the models developed are presented. Instead only the final 
models and a few additional models that illustrate important points are presented. In 
table 5.10 the pure component models, cross association scheme and experimental data 
included in parameter estimation together with the model name as referred to in this 
work are summarised. It is not necessary to list the mixture parameters estimated as only 
estimation of eij (in terms of k ), EH B and CHB in the case of asymmetric association is 
considered. 
Firstly, intermediate models for all of the listed molecular mixture models are developed 
by fitting mixture parameters (k ý, EH 6 and ¬Hb) to the total pressure measurements of 
Lee et al. (1996) at 298.15 and 283.27 K. The remaining mixture parameters are specified 
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Table 5.9: The three-site and two-site R134a models used the development of mixture models for 
HF + R134a. 
Model sites ma elk AfIk r, rc 
(-) (A) (K) (-) (K) (A) (-) 
R134a-3Q 3 1.2848 4.38951 365.752 1.34750 684.098 2.77317 0.631772 
R134a-2Q 2 1.2848 4.37874 362.165 1.35244 795.512 2.83763 0.648048 
Table 5.10: A key to the mixture models developed for HF + R134a, referred to as M1 to M8. The 
pure component models, type of cross association and experimental data included in parameter 
estimation for each of these models is summarised. The letters refer to experimental data sources 
as follows; a- Lee et al. (1996), b- Wilson and Wilding (1994) (only the isotherm at 333.15 K) 
and c- Santacesaria et al. (1993). The * indicates that calculated vapour compositions from a 
given data source are also included in parameter estimation. 
Model HF model R134a model Sym. /asym. Expt. data 
cross assoc. 
M1 HF3 R134a-3Q asym. a 
M2 HF3 R134a-3Q sym. a, b, c 
M3 HF3 R134a-3Q asym. a, b, c 
M4 HF3 R134a-2Q sym. a, b, c 
M5 HF3 R134a-2Q asym. a, b, c 
M6 HF2 R134a-2Q sym. a, b, c 
M7 HF3 R134a-3Q asym. a*, b*, c 
M8 HF2 R134a-2Q sym. a*, b*, c 
according to the Lorentz-Berthelot-like combining rules. The optimal intermediate model 
is M1, the three-site HF + three-site R134a model with asymmetric cross association 
interactions. The estimated model parameters together with the objective function and 
overall %AAD in pressure compared to the data of Lee et al. (1996) are given in table 
5.11. 
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Table 5.11: Ml, the intermediate three-site HF + three-site R134a asymmetric model, where eq 
(reported as k. ), effu b and CHB are fitted to the total pressure measurements of Lee et al. (1996) 
at 298.15 and 283.27 K. The objective function and overall %AADs for pressure are reported. 
Model k 6NB C HB fobs %AADp (%) 
M1 0.078973 1574.38 501.710 0.003692 0.95 
From table 5.11 it is clear that the intermediate model describes the experimental data 
of Lee et al. (1996) very well. In order to quantitatively evaluate the consistency of all 
data sets the SAFT-VR predictions of the intermediate model M1 are compared with 
the data sets of Wilson and Wilding (1994) and Santacesaria et al. (1993). It should 
be noted that although Wilson and Wilding (1994) reported that the measurements at 
253.15 K represent VLE, aP-x plot of the data is very flat indicating the possibility 
of liquid-liquid immiscibility. As a result of the uncertainty surrounding the data at 
253.15 K, only the data at 333.15 K reported by Wilson and Wilding (1994) are considered 
in this study. The overall %AADs of SAFT-VR predictions for M1 compared to the 
remaining experimental data sets are given in table 5.12. It is clear that the temperature 
measurements of Santacesaria et al. (1993) are in very good agreement with the data of 
Lee et al. (1996). The %AADs obtained for the total pressure measurements of Wilson 
and Wilding (1994) and AADs for vapour mole percent measurements of Santacesaria 
et al. (1993) show a higher degree of deviation. Indeed, the experimental error in pressure 
measurements reported by Wilson and Wilding (1994) of 0.25 % is much lower than 
the %AADs reported in table 5.12. Errors in vapour composition are not reported by 
Santacesaria et al. (1993). However, there is no indication from the experimental studies 
or previous modelling studies as to which data sources are more reliable. Since none of 
the data sets show extreme inconsistency with each other it was concluded that all data 
sets should be included in the development of a final model. 
Final models for the mixture HF + R134a (M2-M6) are developed by estimating the 
parameters k ý, eH8 and eHba, in the case of asymmetric association models, to the pressure 
measurements at 333.15,298.15 and 283.27 K of Wilson and Wilding (1994) and Lee et al. 
(1996) and the temperature and vapour composition measurements of Santacesaria et al. 
(1993) at 3 and 10 atm. The conditions covered by the experimental data are extensive: 
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Table 5.12: An evaluation of the SAFT-VR predictions of the Ml model compared to the data 
sets of Wilson and Wilding (1994) and Santacesaria et al. (1993), which are not included in the 
development of an intermediate model. 
Source (variable) AAD (%) 
Wilson and Wilding (1994), ©333.15 K (P) 5.98 
Santacesaria et al. (1993) (T) 0.36 
Santacesaria et al. (1993) (y) 6.26 
Table 5.13: The final HF + R134a mixture models, where eta (reported as ki'ý) and EH b/6a are 
obtained from estimation to the data of Lee et al. (1996), Wilson and Wilding (1994) and Santace- 
saria et al. (1993). The remaining mixture parameters are obtained from Lorentz-Berthelot-like 
combining rules. A quantitative evaluation of the models in terms of objective function, %AADs 
for temperature and pressure and AADs for vapour mole percent is also presented. The subscripts 
IT and IB indicate AADs for vapour mole percent for isothermal and isobaric data respectively. 
In the development of models M7 and M8 calculated vapour compositions from Lee et al. (1996) 
and Wilson and Wilding (1994) are also included in parameter estimation. 
Model kE )B HB 
, 
fo6i %AADp ADDyýT %AADT AADyjg 
M2 0.130625 860.539 860.539 0.136274 5.35 -' 0.53 3.84 
M3 0.078154 1464.37 566.232 0.080084 2.67 - 0.33 5.15 
M4 0.132951 867.129 867.129 0.155734 6.01 - 0.59 3.78 
M5 0.083678 1668.80 593.478 0.098790 3.12 - 0.35 5.07 

















the isothermal VLE data covers a pressure range of 0.07 to 1.8 MPa and the isobaric VLE 
data covers a temperature range of 270 to 370 K. The mixture parameters of the final 
models together with a quantitative analysis of the models in terms of objective function 
and overall AADs are presented in table 5.13. 
From the overall AADs (table 5.13), it can be observed that all the models give a reasonable 
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description of the phase behaviour of this complex associating mixture over a wide range 
of pressure, temperature and composition conditions covered by the experimental data, by 
adjusting a maximum of 3 mixture parameters. On closer inspection the models M2 and 
M4, which contain the HF3 model for HF and symmetric cross association interactions, 
give significantly inferior description of the phase behaviour. The objective function of 
both M2 and M4 is an order of magnitude greater than the other models and the overall 
%AAD in pressure is well above 5 %. From the remaining models involving the HF3 
model (M3 and M5) the best description of the complex mixture HF + R134a is given 
by M3, the three-site HF + three-site R134a model with asymmetric cross association 
interactions. Nevertheless the overall AADs for vapour compositions for this model are 
also relatively high at 5.15 %. The two-site HF + two-site R134a model with symmetric 
cross association interactions (M6) gives the best description of the mixture HF + R134a 
with the lowest objective function and overall AADs well below 3% for all variables. An 
asymmetric association scheme was also considered for this molecular model. However, 
as with an asymmetric model containing HF2 for the mixture HF + water, a higher 
objective function was obtained compared to the symmetric model (M6), although there 
was an additional degree of freedom in parameter estimation. It appears that the local 
solution obtained by the symmetric model is better than the local solution obtained by 
the asymmetric model and so for this molecular association scheme a symmetric model 
seems to be the best. 
The SAFT-VR calculations for M3 and M6 compared to experimental data are shown 
in figure 5.5. From figure 5.5a, it can be observed that the M3 model, involving HF3, 
seems to give a better representation of the experimental data of Lee et al. (1996). This 
is in agreement with results of the intermediate models, which showed that M1 (with 
HF3) gave the best representation of this data set. However, in figure 5.5b the SAFT-VR 
calculations at 333.15 K are compared with the experimental data of Wilson and Wilding 
(1994). From this it is clear that the M6 model (with HF2) gives a better representation 
of the experimental data. In addition, the M6 model gives a better description of the 
isobaric VLE data of Santacesaria et al. (1993) (figure 5.5c). 
The discovery that the model for HF + R134a with the lowest objective function M6 
involves the HF2 model to describe HF-HF interactions is contradictory to previous results 
obtained in this work. In section 4.4.1, it was shown that the phase behaviour of HF is 
best described by the HF3 model. In fact, it was not possible to fully parameterise the 











Figure 5.5: The M3 (HF3, dashed curve) and M6 (HF2, continuous curve) SAFT-VR models for 
HF + R134a are plotted against experimental data. (a) P-x slices at 298.15 K and 283.27 K, 
experimental data from Lee et al. (1996), (b) P-x slice at 333.15 K, experimental data from Wilson 
and Wilding (1994) and (c) T-x slices at 3 and 10 atm, experimental data from Santacesaria et al. 
(1993). Open symbols indicate vapour compositions were calculated as opposed to determined 
experimentally. 
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HF2 model since the parameter r, * was at the upper bound of 1 and A was also close to the 
upper bound of 1.8. This result is corroborated by a review of computer simulation and 
SAFT studies, which indicated that a three-site molecular model gave the best description 
of HF-HF interactions. In addition, results presented in section 5.4.1 for HF + water 
showed that HF3 also gives the best description of HF-H20 interactions as well as HF- 
HF interactions. Possible reasons for the inconsistency in HF + water and HF + R134a 
models are discussed in section 5.5. 
The reliability and accuracy of the experimental data must also be considered. For ex- 
ample, it has been hinted (Economou and Peters, 1995; Santacesaria et al., 1993) that 
liquid-liquid immiscibility occurs for this mixture, although not at temperatures above 
273 K. However, Wilson and Wilding (1994) did not report liquid-liquid immiscibility for 
their measurements at 253.15 K. Inspection of their data reveals that the P-x slice is 
very flat, often an indication of the presence of liquid-liquid immiscibility. The number of 
phases could not be confirmed visually, since the apparatus had to be constructed from 
stainless steel due to the toxic and corrosive nature of HF. In addition, the liquid and 
vapour compositions were determined from data reduction as opposed to experimental 
sampling. If the validity of their data at 253.15 K is questioned, it may also be reasonable 
to question the validity of their measurements at 333.15 K. The vapour compositions de- 
termined by Santacesaria et al. (1993), shown in figure 5.5c, also show deviations from a 
smooth trend. Recalling the AADs reported for the intermediate model M1 in tables 5.11 
and 5.12 it can be concluded that there is some inconsistency between all data sets, which 
is greater than the reported experimental error of the experiments. This inconsistency has 
in turn affected model development. 
Furthermore, the optimal molecular model for the mixture HF + R134a is very sensitive to 
the experimental data included in parameter estimation. The optimal intermediate model 
obtained is M1, which contains HF3 with asymmetric cross association interactions. In 
the development of M1 the mixture parameters k ý, eH 6 and eH 
ä are adjusted only to the 
experimental data of Lee et al. (1996), whereas in the development of the final models 
(including models M3 and M6) data from all three experimental data sources are used 
in parameter estimation. The sensitivity of the models to experimental data is further 
illustrated by also including calculated vapour compositions from Lee et al. (1996) and 
Wilson and Wilding (1994) in parameter estimation. The parameters, objective function 
and AADs of the resulting models M7 and M8 are presented in table 5.13. It can be seen 
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Table 5.14: The UCST point at 3 atm predicted by M3 and M6. The mole fraction of HF at the 
azeotropic point at 333.15 and 283.27 K obtained from interpolation of experimental data (Wilson 
and Wilding, 1994; Lee et al., 1996) and predicted by models M3 and M6. 
Model UCST 03 atm (K) xHF, azeo © 333.15 K XHF, azeo © 283.15 K 
Experimental - 0.110 0.160 
M3 126 0.200 0.130 
M6 245 0.138 0.112 
that M7, which contains the HF3 model, has a lower objective function than M8, which 
contains the HF2 model. However, the calculated compositions are dependent on the 
thermodynamic models assumed in data reduction, typically a cubic equation of state and 
activity coefficient model. Since the vapour compositions obtained from data reduction are 
dependent on the thermodynamic description used in correlation, the M7 and M8 models 
are not considered when deciding on the optimal SAFT-VR model for HF + R134a. 
Since the phase equilibrium model used in parameter estimation assumes the presence of 
two phases in vapour-liquid equilibrium it is important to check a posteriori the phase 
stability of the SAFT-VR models. At a pressure of 3 atm liquid-liquid immiscibility, i. e. 
the presence of three phases in VLLE, is predicted for both models. The upper critical 
solution temperature (UCST) points for the models are reported in table 5.14. The UCST 
points of both models is below the temperature of the experimental data and so it is 
confirmed that the SAFT-VR models predict stable phase equilibrium. Comparison of 
model-predicted UCST points with experimental data is not possible since there are not 
any experimental studies that report the presence of LLE for HF + R134a in the open 
literature. However, comparison between the SAFT-VR models and the experimental 
VLE data of Wilson and Wilding (1994) at 253.15 K is possible, since both M3 and M6 
predict a UCST point below 253.15 K. The %AADs in pressure are 4.26 and 2.55 % for M3 
and M6 respectively, while the AADs in vapour mole percent are 9.18 and 12.16 % for M3 
and M6 respectively. From this it is clear that both models are in reasonable agreement 
with the measured total pressures of Wilson and Wilding (1994) at 253.15 K, although 
there is significant deviation between the vapour compositions predicted by the SAFT-VR 
models and those obtained from data reduction. 
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The trend in azeotropic composition with temperature is also studied. The azeotropic 
composition at a given temperature is determined from interpolation of x-y plots. Anal- 
ysis of the data from Wilson and Wilding (1994) and Lee et al. (1996) shows that the 
azeotropic concentration of HF increases with decreasing temperature. The opposite trend 
is obtained for all SAFT-VR models developed, indicating a deficiency in the SAFT-VR 
models. The experimental and model predicted azeotropic compositions are presented in 
table 5.14. It should be noted that a SAFT-VR model for the non-polar mixture CO2 
+ ethane is able to capture the correct trend in azeotropic composition with tempera- 
ture (Galindo and Blas, 2002). The erroneous trend here may be a consequence of not 
explicitly including polar interactions and other phenomena, discussed in section 5.5, in 
the SAFT-VR model. However, there is also a high degree of uncertainty in experimental 
data for this complex mixture. 
From examination of the trend in azeotropic composition with temperature it is not pos- 
sible to distinguish between the M3 and M6 models for HF + R134a. However, it is 
important to have a consistent description of HF in the pure component and in mixtures. 
Since the HF3 model has been shown to represent HF-HF and HF-H20 interactions signif- 
icantly better than the HF2 model, the M3 model containing HF3 and asymmetric cross 
association interactions is chosen as optimal, even though the M6 model containing HF2 
has a lower objective function. Following the same argument of consistency in descrip- 
tion of pure and mixture interactions the three-site model (R134a-3Q) is recommended as 
optimal for R134a. 
The SAFT-VR models for HF + R134a developed in this work can also be compared with 
other SAFT models in the literature. Galindo et al. (1997) presented a two-site HF + two- 
site R134a SAFT-HS model. They predicted liquid-liquid immiscibility at 273 K. Grice 
(1999) presented a two-site HF + two-site R134a and a three(-two)-site HF + two-site 
R134a SAFT-VR model. She found that the two-site HF + two-site R134a gave the best 
description of phase behaviour and predicted liquid-liquid immiscibility at 253 K. From 
figures in both Galindo et al. (1997) and Grice (1999) the trend in azeotropic composition 
with temperature is unclear. It is interesting that both of these studies concluded that the 
two-site HF model gave the best description of HF + R134a phase behaviour, although it 
should be noted that a three-site HF model was not considered in Galindo et al. (1997). 
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Table 5.15: The two-site R23 and three-site R134a models used in the development of a model 
for the mixture R23 + R134a. 








R134a-3 3 2.9871 3.00178 136.263 1.69322 534.148 1.95169 0.650175 
R23-2Q 2 1.2481 3.64582 118.821 1.78783 901.275 2.60278 0.713907 
R23-2 2 1.2000 3.70083 121.349 1.78815 915.096 2.61476 0.706533 
5.4.3 R23 + R134a 
Finally, the results for the refrigerant mixture R23 + R134a are presented. A number of 
different association models are investigated for the R134a-R134a interactions in section 
4.4.2. On the basis of pure component VLE it is not possible to distinguish between the 
different molecular models. However, the chosen optimal model for the mixture HF + 
R134a involved the three-site model for R134a (R134a-3Q). In order to have a consistent 
description of R134a the three-site model is used to develop a mixture model for R23 + 
R134a. From section 4.4.3 it can be seen that the two-site model R23-2Q best describes 
interactions between R23 molecules and so is used in the development of a mixture model 
for R23 + R134a. In order to further confirm the reliability of using the quantum mechan- 
ical approach to quantify the non-sphericity of refrigerant molecules two different mixture 
models are developed. In the first, pure component models with non-sphericity obtained 
from quantum mechanics are used to describe both components, while in the second ap- 
proach, models with non-sphericity obtained from optimisation are used to describe both 
pure components. The pure component parameters for R134a-3Q have been reprinted in 
table 5.9. The remaining SAFT-VR models for R134a and R23 discussed in this section 
are reprinted in table 5.15. In table 5.16 a summary of the pure component models and 
mixture model name, as referred to in this work, is presented for all the R23 + R134a 
models developed. 
Since the molecules R23 and R134a are fairly similar in shape and strength of intermolec- 
ular interactions the phase behaviour exhibited by the mixture shows very little deviation 
from ideal mixing. In order to obtain a good description of phase behaviour it is necessary 
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Table 5.16: A key to the mixture models developed for R23 + R134a. The pure component 
models and mixture model name are summarised. 







Table 5.17: The R23 + R134a mixture models, where e; j (reported as k; j) is obtained from 
estimation to the data of Kleiber (1994b) at 255 and 265 K and Lim et al. (2001) at 283.15 and 
293.15 K. The remaining mixture parameters are obtained from Lorentz-Berthelot-like combining 
rules. A quantitative evaluation of the models in terms of objective function, %AADs for pressure 
and AADs for vapour mole percent is also presented. 
Model ký fobj %AADp (%) AADy (%) 
M1 -0.022832 0.024182 3.01 1.03 
M2 -0.017865 0.012789 2.09 1.04 
to estimate only one of the binary interaction parameters, namely esj (or equivalently k . ). 
All remaining parameters are obtained from the Lorentz-Berthelot-like combining rules 
presented in section 2.4.1. The measured pressure and vapour compositions of Kleiber 
(1994b) at 255 and 265 K and of Lim et al. (2001) at 283.15 and 293.15 K are used in 
parameter estimation. It should be noted that some of the isotherms are very close to the 
critical temperature of R23,299.07 K (Lim et al., 2001). Higher deviations between the 
SAFT-VR model and experimental data at these conditions may be expected since only 
data to within 90 % of the critical temperature was included in the optimisation of pure 
component parameters. In table 5.17 the optimised model parameters, objective function, 
%AADs for pressure and AADs for vapour mole percent are presented for the two mixture 
models developed. 
From the overall AADs in table 5.17 it is clear that both mixture models for R23 + 
R134a describe the experimental data well over a wide range of pressure, temperature and 
composition conditions. The AADs in vapour mole percent are just above 1% for both 
models. The M2 model captures the total pressure measurements with an overall %AAD 
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Figure 5.6: The M1 SAFT-VR model for R23 + R134a plotted against experimental data used 
in parameter estimation. The continuous curve is the M1 model and the symbols are experimental 
data. (a) P-x slices at 293.15 K (triangles) and 283.15 K (squares), experimental data from Lim 
et al. (2001), (b) P-x slice at 265 K (open circles) and 255 K (asterisks) experimental data from 
Kleiber (1994b). 
of 2.09 %, while a slightly higher value of 3.01 % is obtained by the M1 model. The 
M2 model, which contains pure component models with non-sphericity determined from 
optimisation, has the lowest objective function. This is to be expected, since there was an 
additional degree of freedom in the development of the pure component parameters. Be 
that as it may, M1 and M2 have comparable AADs, while only the Ml model contains 
a consistent and physically reasonable description of the non-sphericity of the refrigerant 
molecules. Therefore, M1 is recommended as the optimal model for this system. 
The SAFT-VR calculations for M1 compared to the experimental data used in parameter 
estimation are shown in figure 5.6. It can be seen that there is very good agreement 
between the SAFT-VR model and the experimental data used in parameter estimation. 
At the higher temperature isotherms of Lim et al. (2001), figure 5.6a, small deviations 
between the SAFT-VR model and experimental data are visible for pure R23 and mixtures 
containing high concentrations of R23. This is expected since the pure component models 
were developed to represent phase behaviour below 90 % of the critical temperature. 
Comparisons with other SAFT-VR models are not possible since no other SAFT-VR 
models for this system have been found in the literature. 
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Figure 5.7: The M1 SAFT-VR model for R23 + R134a plotted against experimental data; filled 
symbols Lim et al. (2001) and open symbols Cui et al. (2006). (a) P-x slice at 283.15 K, (b) 
P-x slice at 293.15 K. 
Table 5.18: The overall %AADs for pressure and AADs for mole percent of the M1 model com- 
pared to the experimental data of Lim et al. (2001) used in parameter estimation and also the 
data of Cui et al. (2006). 
283.15 K 293.15 K 
Data %AADp (%) AADy (%) %AADp (%) AADy (%) 
Lim et al. (2001) 3.77 1.33 3.63 1.70 
Cui et al. (2006) 4.31 3.90 5.04 3.66 
More experimental data for R23 + R134a was recently published in Cui et al. (2006), which 
can be compared to the M1 model and other experimental data sets used in parameter 
estimation. Experimental data from Cui et al. (2006) at 283.15 and 293.15 K are plotted 
together with the data of Lim et al. (2001) and M1 calculations in figure 5.7. A clear 
deviation can be observed between the two different experimental data sources. This 
is especially visible for the bubble curve. From figure 5.7 it appears that the M1. model 
describes the data of Cui et al. (2006) better than the data of Lim et al. (2001) at high R23 
concentrations. However, it should be noted that the temperatures examined (283.15 and 
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Indeed, at low concentrations of R23 it appears that the M1 model describes the data 
of Lim et al. (2001) better. An evaluation of the AADs for the M1 model compared 
to each data set at 283.15 and 293.15 K is given in table 5.18. It is expected that the 
AADs for the data of Cui et al. (2006) would be higher, since they are not included in 
parameter estimation, although the extent of deviations shown in table 5.18 indicate some 
inconsistency between the two data sets. Furthermore, the data at the lower isotherms 
of 258.15,263.15,268.15 and 275.15 K also seem to be inconsistent with the data of 
Kleiber (1994b), which is used in parameter estimation. For example, some of the vapour 
compositions measured by Cui et al. (2006) at 263.15 K are higher than measurements 
of Kleiber (1994b) at 265 K. Since the data of Cui et al. (2006) are inconsistent with 
the data of both Lim et al. (2001) and Kleiber (1994b) they were not included in further 
parameter estimation. To resolve the issue of inconsistency it is recommended that further 
experimental work is carried out to confirm the trend in experimental data. Alternatively, 
a thermodynamic consistency test, such as the integral test or direct test performed by 
Wierzchowski and Kofke (2004) and Smith and Visco (2004) respectively for the' HF + 
water system, would show which of the three data sets found are thermodynamically 
consistent. 
5.5 Discussion 
In this chapter the complex mixtures HF + water, HF + R134a and R23 + R134a have 
been successfully modelled using the SAFT-VR approach. In these mixtures association 
interactions (hydrogen bonding for the former two and polar interactions for all three) 
between unlike molecules have a significant effect on the phase behaviour of the mixture. 
During the course of this study into the development of mixture models for strongly 
associating fluids a number of important issues have been highlighted. These are now 
discussed further. 
For each mixture a number of different molecular models were studied. It was shown that 
irrespective of the molecular model a good representation of the experimental data was 
achieved by fitting a maximum of three mixture parameters to PTxy data. Typically 
overall AADs obtained were less than 5% over a wide temperature, pressure and compo- 
sition range. This was reduced to around 2% or less for the optimal molecular model. 
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The success of all molecular models studied is a result of the systematic approach to 
mixture model development. The automated parameter estimation procedure developed 
in this work enabled mixture parameters to be optimised to different types of variables 
(e. g. P and y) over several isotherms and isobars simultaneously. This represented an 
improvement over previous work. For example, the HF + water model developed by Grice 
(1999), obtained by fitting solely to the azeotropic point for HF + water, resulted in a 
poor description of the liquid phase at medium to high HF compositions using a three-site 
HF model and consequently the three-site HF model was ruled out. However, in this work 
it was shown that a three-site HF model was able to describe the liquid phase of the HF 
+ water mixture very well. 
Size, sign and dependencies of ký. 
.7 
From closer inspection of the mixture models obtained in this work it can be seen that 
large values of k- are obtained, especially in the case of HF + water and to a lesser 
extent HF + R134a. In addition, negative values are obtained for HF + water and R23 
+ R134a. It is often thought that deficiencies in the theory are reflected in large values 
of ki'j. However, in an interesting study by Haslam et al. (2008) it is shown that this is 
not actually the case. Furthermore, the requirement of negative ký is justified for polar 
molecules. 
Haslam et al. (2008) studied binary intermolecular potential parameters, in particular, 
combining rules for the strength of binary intermolecular interactions (e; j) and the cor- 
responding so-called correction factor (kj) applied to the geometric mean of pure com- 
ponent parameters (equation (2.47)). As their starting point Haslam et al. (2008) took 
the Hudson-McCoubrey combining rule (Hudson and McCoubrey, 1960), which was orig- 
inally derived assuming the Lennard-Jones potential. The k of the Hudson-McCoubrey 
combining rule is a function of the size (a) and ionisation potential (I) of each of the 
pure components. If there is symmetry between the two potential models, i. e. o; = a5 
and I= = Ij, then the Hudson-McCoubrey combining rule reduces to the geometric mean. 
Haslam et al. (2008) showed that regardless of the degree of asymmetry between size and 
ionisation potential ký is always bounded between 0 and 1. However, acknowledging that 
in the case of polar systems ký was often negative Haslam et al. (2008) extended the 
Hudson-McCoubrey combining rule to simple polar molecules. They did this by equat- 
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ing the attractive part of the Lennard-Jones potential model with the total attractive 
intermolecular interaction of simple polar molecules, consisting of the London-dispersion 
interaction (London, 1937), the Keesom (orientational) interaction for the angle-averaged 
dipole-dipole interaction and the Debye (induction) interaction between the permanent 
dipole of one molecule and the induced dipole of another molecule (Israelachvili, 1992). 
For further details of the derivation the original publication should be consulted. 
As a result of the additional terms due to the Keesom and Debye interactions Haslam et al. 
(2008) showed that kj is no longer bounded by the interval 0 to 1. Therefore the negative 
ksj values for HF + water and R23 + R134a and the kj exceeding -1 in the case of M3 
for HF + water are valid. Haslam et al. (2008) also pointed out some dependencies of kf 
for simple polar molecules. Firstly, ktf - is dependent on temperature due to the Keesom 
term representing dipole-dipole interactions. Secondly, kid is also phase dependent since 
the dipole moment and dielectric constant are different in the liquid and vapour phase. 
Haslam et al. (2008) quote the example of water, which has a dipole moment of -1.9 D 
(Lide, 1992) in the vapour phase and a dipole moment of N3 D (Gubskaya and Kusalik, 
2002) in the liquid phase, although this is also temperature dependent. Moreover, Baräo 
et al. (1995) compute dipole moments of R134a from measurements of the dielectric 
constant in the liquid and vapour phase. They obtain vastly different dipole moments of 
1.19±0.19 D in the gas phase and 3.54±0.01 D in the liquid phase. 
Haslam et al. (2008) also derived combining rules for non-polar and polar molecules 
assuming a square-well intermolecular potential as opposed to a Lennard-Jones potential. 
This is of relevance since the square-well potential model is the underlying potential model 
in the version of SAFT-VR used in this work and in many other publications. For full 
details of the derivation of the combining rules for the square-well potential the original 
publication should be consulted. As is to be expected they found that kf. for square-well 
potential depends on the range of the potential (A), size (a), ionisation potential (I) and 
in the case of polar systems temperature and phase as previously discussed. Interestingly, 
Haslam et al. (2008) observed that kau is significantly more sensitive to asymmetry in the 
range A than in size or ionisation potential. Consequently, they would expect larger kt 
values for square-well potential models. Indeed in this work large kf- values are obtained, 
in particular, for the HF + water system. Haslam et al. (2008) concluded that rather 
than reflecting deficiencies in the theory, the magnitude of ký is in fact a result of the 
potential model underlying the theory. 
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Haslam et al. (2008) successfully predicted the phase behaviour of many non-polar and 
polar systems, consistently obtaining improved prediction compared to the standard geo- 
metric combining rule. However, they did note that their approach was inconsistent for 
some polar and hydrogen bonding systems. In addition, there were limitations since liquid 
phase dipole moments and dielectric constants were not always available and in the case 
of the latter mixture values were clearly not available. Haslam et al. (2008) also modelled 
the extremely challenging system HF + water. By using experimental values of dipole 
moments and dielectric constants and other approximations detailed in the original work, 
they predicted k between N-0.1 and -0.2 in the temperature range of 273 to -500 K. In a 
calculation performed here, where only k- was fitted to the experimental data of Munter 
et al. (1947), Miki et al. (1990) and Brosheer et al. (1947) covering a range of -290 to 
-400 K, a value of -0.521 was obtained. While Haslam et al. (2008) were encouraged 
by the large negative value of k- predicted by their theory, they acknowledged that there 
was a significant difference between their theory and fitting and concluded that explicit 
treatment of hydrogen bonding interactions was required to improve their method. 
Electrophilicity and nucleophilicity 
One possible route is to consider the hydrogen bond in pure components and mixtures. 
As pointed out by Legon and Millen (1992), in pure water the water molecule acts as 
both the nucleophile (proton acceptor or electron-pair donor) and the electrophile (proton 
donor or electron-pair acceptor). The same is true for pure HF. However, in HF + water, 
which molecule acts as the nucleophile and which molecule acts as the electrophile? To 
answer this question a previous study by Legon and Millen (1987), also summarised in 
Jeffrey (1997), is of relevance. Legon and Millen (1987) suggested that the stretching 
force constant, a measure of the strength of the hydrogen bond, is proportional to the 
product of the nucleophilicity (N) and electrophilicity (E) of the donor-acceptor pair. 
They proposed a relative scale of gas-phase electrophilicities and nucleophilicities for a 
number of common molecules. The mixture HF + H2O was studied in Legon and Millen 
(1992). Although the relative strength of the like interactions are fairly similar (NHF (4.8) * 
EHF (1O) = 48 and NH, 0 (10) * EH2 p (5) = 50), there is a significant difference in the relative 
strengths of the unlike interactions (NH2 p (10) * EHF (10) = 100 and NHF (4.8) * EH2 p (5) = 
24). Consequently, Legon and Millen (1992) expected that the H2O ... HF dimer would 
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dominate, since the NH20 * EHF interaction is more stable. 
Asymmetric association 
In this work it was also recognised that two different types of hydrogen bond form in unlike 
interactions. Accordingly, asymmetry in the strength of cross association interactions was 
introduced, EHab 0 EH6a. In this work it has been assumed that sites of type a represent 
the electrophile H+ and sites of type b represent the nucleophile e-. Therefore, E' iiab 
corresponds to EHF * NH20 and E? corresponds to EH2O * NHF. In the M3 model for 
HF + water, EH 6> EH ä, indicating that HF and water prefer to act as the electrophile 
and nucleophile respectively, in agreement with the relative scale proposed by Legon and 
Millen (1992). Similarly, in the M3 model for HF + R134a, EHB > ENB, again indicating 
that HF prefers to act as the electrophile and R134a prefers to act as the nucleophile. 
Although R134a was not studied by Legon and Millen (1987,1992), it seems reasonable 
that HF would act as the electrophile in the HF + R134a mixture. While it is encouraging 
to observe that the asymmetric SAFT-VR models developed in this work indicate that HF 
would act as the electrophile as suggested by Legon and Millen (1987,1992), it should be 
noted that the relative strengths of the cross association interactions do not correspond to 
their proposed relative scale. Furthermore, in the asymmetric models involving the HF2 
model a higher objective function was obtained, although there was an additional degree 
of freedom in the parameter estimation. This may have been because in the mixture 
models involving HF2 the number of is - jb interactions was the same as the number of 
ib - ja interactions. It is recommended that the ideas of asymmetric cross association 
and a justification of their relative strengths are further investigated in future work on 
modelling associating systems. 
Consistency of molecular models 
In this work excellent results are obtained for all associating systems studied using a single 
set of binary mixture parameters for both the liquid and vapour phase over a wide range 
of conditions. However, it should be noted that the optimal models obtained are not fully 
consistent. The HF3 model best described HF-HF and HF-H20 interactions, while the 
HF2 model best described HF-R134a interactions. Furthermore, none of the models were 
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Table 5.19: A summary of the recommended mixture models for the strongly associating systems 
studied in this chapter together with a quantitative evaluation of how well they describe experi- 
mental data. The pure component models for each component are HF3, R134a-3Q and R23-2Q. 
System Model k eH b CHB %AAD (%) AAD (%) 
TP YIB YIT 
HF + water M3 -1.020784 1196.60 1046.24 0.86 0.96 1.36 - 
HF + R134a M3 0.078154 1464.37 566.232 0.33 2.67 5.15 - 
R23 + R134a Ml -0.022832 ---3.01 - 1.03 
able to capture the experimental trend in azeotropic composition with temperature for 
HF + R134a. However, in order to model multi-component systems it is important to 
have models that consistently describe pure component and mixture interactions. Hence, 
the choice of mixture models recommended in this work are not necessarily those which 
describe a given mixture with the lowest objective function, but instead contain pure 
component models that consistently describe the pure components and all mixtures studied 
well. In table 5.19 a summary of the recommended models together with a quantitative 
evaluation of how well they describe the mixture are presented. 
There are a number of possible reasons for the discussed shortcomings in the SAFT-VR 
models. Polar interactions have been treated using an implicit approach as opposed to an 
explicit approach. An interesting discussion on the relative merits of the two approaches is 
included in Haslam et al. (2008). They comment that although an explicit approach would 
seem to be theoretically more rigorous, a number of disadvantages are associated with 
explicit inclusion of a polar free energy term in the total free energy of the system. These 
include the necessity of adapting the commonly used basic SAFT theory and corresponding 
platform. Such changes in the theory typically result in additional parameters that must 
be obtained from parameter estimation or experimental data where available. In addition, 
they note that polar interactions are phase dependent due to polarisation effects. As 
already mentioned the dipole moment of water and R134a in the liquid and vapour phase 
is quite different. Haslam et al. (2008) conclude their discussion by suggesting that 
implicit and explicit approaches for treating polar interactions may well be equivalent, in 
the sense that they both describe the experimental data equally well, although a larger, 
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state-dependent ki. is required in the implicit approach. However, the objective of this 
work was to develop SAFT-VR models that could be used in an engineering environment, 
where it is desirable to use a single set of parameters to describe both phases over a wide 
range of conditions. In addition, it is believed that inconsistencies in experimental data 
played an important role in mixture model development. Therefore, the possibility of 
temperature and phase dependent parameters was not considered in this work. 
As discussed in section 4.4.1 the inclusion of other phenomena, excluded from this study, 
may result in an improved description of the phase behaviour of pure HF and consequently 
mixtures containing HF as well. The review in section 4.2.1 confirmed that a significant 
number of ring aggregates form in the vapour phase. However, due to the large increase in 
computational complexity and the necessity to specify the number of monomers present 
in the ring, an area of great uncertainty, the possibility of ring formation was excluded 
from the current study. Bond cooperativity is also believed to be of importance in HF. 
Again, the theory has been developed to include bond cooperativity, although it has not 
been included in the version of SAFT-VR used in this work. In the version of SAFT- 
VR used in this work a square-well potential, a hard-core potential, is used to model the 
individual segments. However, as originally proposed by Gil-Villegas et al. (1997) different 
potential models, including soft-core potential models can be employed. Recently, Lafitte 
et al. (2006) suggested using the soft-core Mie potential and varying the range of repulsive 
interactions. This modified version of SAFT-VR is known as SAFT-VR Mie and has been 
very successful at modelling VLE and derivative properties for many systems, including 
alcohols in which association interactions also have a significant effect on phase behaviour. 
It would be interesting to perform future studies on systems containing HF using SAFT- 
VR Mie. 
Enhancements to the computational methods used to obtain parameters could also result 
in improved SAFT-VR models. It has been shown in Clark et al. (2006) that there 
is a high degree of degeneracy in the parameter space for pure components. It can be 
assumed that a certain degree of degeneracy also exists in the mixture parameter space. 
Furthermore, including other properties may help in identifying an optimal association 
scheme and parameter set. Since many HF + refrigerant mixtures exhibit liquid-liquid 
immiscibility it would be useful to include three-phase VLLE data in parameter estimation. 
In this case it would be necessary to include a phase stability test in the computation of 
phase equilibrium to ensure that the parameters obtained represent stable equilibrium. 
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Non-sphericity from quantum mechanics 
Throughout this work a quantum mechanical approach has been used to obtain a con- 
sistent, reliable and physically meaningful description of the non-sphericity of refrigerant 
molecules. The mixture models developed for HF + R134a and R23 + R134a further 
confirm that this approach yields models capable of describing the phase behaviour of 
pure component and binary systems very well. Comparing the models developed for R23 
+ R134a it can be observed that the model with the lowest objective function, M2, in- 
volved pure component models where m had been obtained from parameter estimation 
as opposed to quantum mechanics. This could be expected since there was an additional 
degree of freedom in the development of each of the pure component models. However, 
the M1 model, derived from quantum mechanics, described the mixture phase behaviour 
to a similar degree of accuracy. 
It is likely that the mixture models developed are far more sensitive to the strength of 
association rather than the value of the non-sphericity of the pure component models. 
Recalling the work of Clark et al. (2006), they found that there is a high degree of 
degeneracy between pure component model parameters, with a number of parameter sets 
capable of describing pure component VLE to a similar degree of accuracy. An attempt 
has been made in this work to use mixture VLE data to further confirm the choice of 
molecular model for a given pure component. However, a large number of systems must 
be studied, more than examined in this work, in order to draw firm conclusions on the 
choice of molecular model and optimal parameters. A better route is perhaps to include 
spectroscopic data measuring the degree of association as has been done in Clark et al. 
(2006) and von Solms et al. (2006). However, such data was not available for the systems 
studied in this work. 
Importance of experimental data 
To conclude this discussion it is important to emphasise the importance of reliable experi- 
mental data. The thermodynamic models developed are only as good as the experimental 
data used to obtain model parameters. There is typically far more experimental VLE data 
available for pure component systems than for binary systems. For each of the systems 
studied in this work a few different experimental data sources have been found. However, 
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inconsistencies between different experimental data sources were identified for all systems. 
For HF + water a number of previous reviews and thermodynamic consistency tests had 
been performed and so reliable data sets were identified relatively easily. The consis- 
tency of the remaining data sets was identified by comparing SAFT-VR predictions to the 
remaining data sets, the inconsistent data sets were eliminated from further parameter 
estimation. However, in the case of HF + R134a and R23 + R134a no previous reviews 
of the experimental data sets or thermodynamic consistency tests were found. For HF + 
R134a intermediate SAFT-VR models were used to quantify the inconsistency between 
data sets. In the case of HF + R134a the inconsistency was greater than experimental 
error. However, it was not possible to identify the most consistent data and so all available 
data was included in parameter estimation. 
Furthermore, careful analysis of the experimental PTxy data available in the literature 
revealed that often not all data points were measured experimentally. Often there is no 
sampling of the liquid and vapour phase during the experiment. In such cases the vapour 
phase compositions are determined from data reduction and the data obtained are in fact 
dependent on the thermodynamic models assumed. Although this is a widely accepted 
practice, from a modelling perspective using only raw experimental data would provide 
a better route for the development of predictive models. Moreover, this would enable a 
measure of experimental error to be included in the formulation of the objective function 
used in parameter estimation, thus enabling an evaluation of the statistical significance 
of the model parameters. In the next chapter these issues are addressed. A model of 
VLE experiment with integrated parameter estimation procedure is proposed, enabling 
SAFT-VR models to be developed from raw experimental data. In addition, a measure of 
the experimental error is incorporated into the formulation of the parameter estimation 
procedure so that an evaluation of the statistical significance of the model parameters can 
be performed. 
5.6 Conclusions 
A systematic approach to modelling phase behaviour of strongly associating systems has 
been developed. The recommended mixture models for the systems studied in this work 
are summarised in table 5.19. Hydrogen bonding has been treated explicitly using the 
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SAFT-VR equation of state. The concept of asymmetric cross association interactions has 
been successful in describing association between unlike molecules and it is recommended 
that this concept is further investigated in future work. The optimal association scheme 
for a given system has been identified on a quantitative basis. From the development of 
mixture models it has been further confirmed that quantum mechanics provides a con- 
sistent, reliable and physically-meaningful description of the non-sphericity of refrigerant 
molecules. 
Pressure, temperature, liquid and vapour composition (PTxy) vapour-liquid equilibrium 
data over a wide range of conditions has been incorporated into model development. By 
fitting a maximum of 3 mixture parameters, excellent agreement with experimental data is 
obtained. Azeotropic points are captured and the models can be used predictively outside 
the range of conditions included in parameter estimation. In addition, the models obtained 
by fitting to VLE data can predict liquid-liquid immiscibility. 
It has been identified that the thermodynamic models obtained are extremely sensitive to 
the experimental data. In turn it has been observed that the experimental data sets are 
often inconsistent due to the difficulty in performing experiments on systems containing 
HF. SAFT-VR predictions have been used to identify inconsistencies between sources. 
However, a more rigorous thermodynamic consistency test is required to identify, which 
data sets are reliable. In the case of HF + R134a it was shown that the optimal association 
scheme is dependent upon the data sources and experimental variables included in param- 
eter estimation. Due to the high uncertainty in experimental data it is recommended that 
a measure of experimental error be incorporated into parameter estimation. 
Although all the models obtained successfully describe the phase behaviour of complex 
associating systems, a model for HF that can be used consistently to model pure HF and a 
large number of mixtures has yet to be identified. Furthermore, the experimental trend in 
azeotropic composition with temperature has not been captured by the SAFT-VR model. 
To overcome these shortcomings phenomena such as explicit treatment of polar interac- 
tions, ring formation, bond cooperativity and soft-core potentials could be investigated. 
However, the development of the phase equilibrium model to incorporate VLLE data in 
parameter estimation and the development of a global optimisation algorithm may also 
lead to improved models and should be investigated. 
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Finally, it should be emphasised that the systematic approach developed in this work is 
general. Models for other chemical systems using a different advanced equation of state 
may be developed following this approach. 
Chapter 6 
An integration of the description 
of fluid phase equilibrium 
experiments and molecular model 
building 
6.1 Introduction 
As continually emphasised in this work the key to developing thermodynamic intermolec- 
ular potential models for either pure components or mixtures is the experimental data 
used in estimating the parameters of the model. Mixture model parameters are typically 
obtained from vapour-liquid (or liquid-liquid) equilibrium data in the form of pressure (P), 
temperature (T) and coexisting liquid (x) and vapour (y) phase composition. However, as 
highlighted in the review of experimental data in the previous chapter, the compositions 
of the coexisting phases are often not known, or they have not been measured directly 
and are in fact based on an empirical model, albeit an accurate one. In the latter in- 
stances, using raw experimental data alone provides a better route to obtaining unbiased 
and statistically significant values of the interaction parameters. 
Whether the coexisting compositions are determined experimentally or are estimated from 
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calculation depends on how the VLE experiment is performed. In this work vapour- 
liquid equilibrium (VLE) experiments are classified as either static or dynamic depending 
on how equilibrium is achieved; for a more detailed description the reader is directed, 
for example, to the work of van Ness and Abbott (1982) and the reviews of Abbott 
(1986) and Marsh (1989). In static methods the cell, which is submerged in a constant 
temperature bath, is charged with a known amount of liquid. A stirrer is used to aid 
in the attainment of equilibrium and, once reached, the total pressure is measured at a 
controlled temperature. Static methods, often referred to as total pressure methods, are 
inherently isothermal. The composition of the coexisting phases can be determined either 
directly from sampling or indirectly from calculation, also known as data reduction. There 
are two crucial aspects associated with the static method. Firstly, each pure liquid must 
be thoroughly degassed to ensure purity. Secondly, if sampling is used to determine the 
coexistence compositions, the vapour phase sample must be very small so as not to disturb 
equilibrium. If the composition is determined from calculation, the problem of sampling 
is overcome. However, a suitable thermodynamic description (equations of state and/or 
activity coefficient models) must be chosen to represent the vapour and liquid phases. The 
calculated compositions are then of course dependent on the choice of thermodynamic 
representation. 
In dynamic methods the mixture is brought to the boil at a controlled pressure. The 
vapour is condensed and recirculated to the circulation still where it mixes with the boiling 
liquid. The compositions of the liquid and vapour phases change with time, eventually 
reaching steady state, which should not differ from true equilibrium. The composition 
of the coexisting phases are typically determined from sampling. The temperature is 
measured and pressure is controlled so data sets tend to be isobaric in nature. Areas of 
concern with the use of circulation stills include the establishment of true equilibrium, 
the minimisation of pressure fluctuations, and the difficulty in accurately analysing the 
composition of the coexisting phases. 
The focus of the work presented in this chapter is the determination of binary interaction 
parameters for an equation of state (in this case the statistical associating fluid theory for 
potentials of variable range SAFT-VR (Gil-Villegas et al., 1997; Galindo et al., 1998a)), 
using VLE data obtained from the static method without sampling. The standard practice 
of the regression of the intermolecular interaction parameters to PTxy data, with compo- 
sitions obtained from data reduction, results in an inherent bias and an independent error 
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analysis is not possible. Instead a self-consistent approach in which the parameter estima- 
tion problem is incorporated into a model of the experimental setup, which relies solely on 
experimentally measured quantities, is presented. The quantity (number of moles) of each 
substance is determined from PVT calculations using experimentally measured quantities 
and previously developed pure component models of the equation of state (in this case 
SAFT-VR). A number of different equations of state are suitable in this context. The 
molecular-based SAFT-VR approach has already been successfully applied to modelling 
VLE of the types of mixtures examined here over wide ranges of temperature and pressure 
and so is our method of choice. Although the SAFT-VR equation of state is used to illus- 
trate the model of experimental setup with integrated parameter estimation the approach 
is completely general and other equations of state could easily be used. 
In this chapter an overview of the existing and new approaches used to obtain binary 
interaction parameters is given first. The total pressure experimental setup that is mod- 
elled is described in detail. A self-consistent model of the experimental setup is presented, 
followed by the formulation of the parameter estimation problem, and an overview of the 
thermodynamic description. The mixture binary interaction parameters of three binary 
mixtures, which have been well characterised experimentally, are obtained from the model 
of experimental setup. An analysis of the statistical significance of the model parameters 
is also presented. Comparisons of mixture parameters obtained from PTxy data obtained 
from data reduction following the methodology presented in the previous chapter are also 
made. 
6.2 Overview of approaches for the development of the molec- 
ular model 
The combination of the total pressure experiment and subsequent estimation of mixture 
parameters from an equation of state is illustrated in figure 6.1. In the experiment the total 
pressure (P), of a binary mixture with a fixed total number of moles of each component 
(ntotat, i), is measured at a specified temperature (T). During the data processing stage 
the total number of moles of each component (ntotat, i) and hence overall composition 
of the feed (z) are calculated from the overall volumetric information using an accurate 
equation of state. The compositions of the liquid (x) and vapour (y) phases in equilibrium 
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Perform experiment 
- For example, a mixture of fixed ntotal j, measure P at 
specified T 
Process experimental data 
- Calculate n,,,,, I j and z of mixture using accurate EoS 
for pure components 
- Compute iteratively x and y using EoS and/or 
activity coefficient model 
Tabulate P, T, x, y data 
Parameter estimation 
- Modeller estimates mixture parameters of EoS using 
processed data 
Figure 6.1: A flowchart to illustrate the steps traditionally followed in estimating binary inter- 
molecular mixture parameters of equations of state from total pressure experiments, defined as the 
PTxy approach in this work. 
are computed iteratively, for example using Barker's method (Barker, 1953). Accurate 
equations of state and activity coefficient models are thus required to model the vapour 
and liquid phases. The coexistence compositions are dependent on the thermodynamic 
description that is used. The processed PTxy data are then tabulated. 
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Traditionally, in the development of molecular models using equations of state, such as 
SAFT-VR, binary interaction parameters are estimated from the processed data that has 
been reported without a consideration of the data processing that has already been un- 
dertaken. The thermodynamic description that is used in the data reduction often differs 
from that used for the parameter estimation. In this work such a methodology is referred 
to as the PTxy approach. Despite the inconsistencies of this type of approach, its com- 
mon use is easily understood because of the wide availability of `experimental' data in the 
processed PTxy form. For example, some of the model parameters published in previous 
work (Galindo et al., 1997; Galindo et al., 1998b; Dias et al., 2003; Swaminathan and 
Visco, 2005b) have been developed using PTxy data that had already been processed in 
a way similar to what has been described, as opposed to an analysis of liquid and vapour 
compositions determined directly from sampling. Equivalently, many of the experimental 
data sets available in databases such as Detherm (Fletcher et al., 1996) contain compo- 
sitions which were obtained from data reduction, an important fact that is not always 
specified for a given record. This issue can in part be addressed through the increased 
collaboration between experimentalists and modellers and will help to reduce existing in- 
consistencies in the modelling of experiment and the development of predictive molecular 
models. 
With an integrated approach, such as the one illustrated in figure 6.2, the total pressure 
experiment is performed in exactly the same manner as previously described. However, 
a model of the experimental setup is now developed so that the calculation of the total 
number of moles of each component (ntotai, i) and hence overall composition (z) of the 
mixture is performed using volumetric information of the overall apparatus and the pure 
component models of the equation of state, which will also be used for the estimation 
of the mixture parameters. The molecular parameters of the mixtures are then obtained 
by optimising the description of the measured total pressure (P) with the equation of 
state at a specified temperature (T) and total number of moles (ntotai, i), In this work the 
integrated, self-consistent approach is referred to as the PTz approach. The model of the 
experimental setup that has been developed for the particular total pressure experiment 
is presented in the following section. 
The advantages of the integrated (PTz) approach are that it is self-consistent and provides 
a bias-free basis for a statistically meaningful estimation of the molecular parameters of 
the mixture. The same equation of state is used to calculate the total number of moles of 
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Perform experiment 
For example, a mixture of fixed ntotalj, measure P at 
specified T 
Model experimental setup and perform 
parameter estimation 
- Calculate nro1Q1, l and z of mixture using EoS for pure 
components 
Estimate mixture parameters of the same EoS 
directly to P for given n, 0,,, u 
Figure 6.2: A flowchart to illustrate the steps involved in the integrated approach, which combines 
a model of experimental setup and parameter estimation consistently using the same equation of 
state throughout, defined as the PTz approach in this work. 
each component (ntotat,: ), to model the experiment, and to obtain the binary interaction 
parameters for subsequent prediction. The experimental error can be incorporated con- 
sistently and easily into the formulation of the parameter estimation problem so that the 
confidence intervals, measures of "goodness-of-fit" and correlation of the mixture param- 
eters obtained in the estimation can be calculated. 
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6.3 Formulation of the parameter estimation problem 
6.3.1 Experimental setup 
In this work a mathematical model of the static cell VLE experiment with integrated 
parameter estimation has been developed. In order to present the mathematical model of 
the experimental setup it is necessary to describe the experiment in detail. The binary 
mixtures modelled in this work have all been studied experimentally with the same appa- 
ratus and techniques originally described in Calado et al. (1980). The PTxy information 
has been published in Martins et al. (2002), Calado et al. (1997b) and Calado and Filipe 
(1996) following a traditional data reduction. The provision by the authors of additional 
unpublished raw experimental data required for the mathematical model of experimental 
setup is gratefully acknowledged. In this section the apparatus, experimental procedure, 
and the resulting mathematical model is described in detail. 
A schematic of the experimental setup, together with model nomenclature is shown in 
figure 6.3. The volumes Vl and V2 are those of the globes containing components 1 and 2 
up to taps 1 and 2 respectively; both are at the temperature of the water bath T w- Vcl 
is the volume of the piping from tap 1 to taps 9,6,4,2' and the pressure gauge (D), VVC2 
is the volume of the piping from tap 2 to taps 9,6,4,1' and the pressure gauge (D), both 
include the volume of bulb (B), and VMM is the volume of the mercury manometer (C) 
up to tap 4. All are at ambient temperature Tamb. Vý is the volume between taps 7,9 and 
the pressure gauge (D) at temperature Tx, which is close to ambient conditions. Vpyk is 
the volume of the pyknometer (I) up to tap 9, which is at the equilibrium temperature T 
(temperature of the cryostat substance). It is important to know the calibrated volumes 
of the piping between the various taps to model the experimental setup and determine the 
total number of moles of each component present in the experimental rig (ntotat, j). 
The first step of the experiment is to prepare the liquid mixture. This is done by trans- 
ferring pure gaseous components from globes VI and V2 and condensing them into the 
calibrated pyknometer I. For example, to transfer component 1 from Vl into the py- 
knometer, taps 1,2 and 2' must first be closed, while all other taps are open. The rig is 
then put under vacuum to remove traces of other components. Tap 9 is closed and tap 
1 is opened and component 1 flows through the connecting piping. The initial pressure 
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Figure 6.3: A sketch of the experimental setup used to develop the mathematical model. Vi and 
V2 are the volumes of the globes containing component 1 and 2 up to taps 1 and 2, respectively, 
both are at the temperature of the water bath T. VAC, is the volume of the piping from tap 1 to 
taps 9,6,4,2' and the pressure gauge (D), VVC2 is the volume of the piping from tap 2 to taps 
9,6,4,1' and the pressure gauge (D), both include the volume of the bulb (B), and VMM is the 
volume of the mercury manometer (C) up to tap 4. All are at ambient temperature Tami,. VV is 
the volume between taps 7,9 and the pressure gauge (D) at temperature T. Vpyk is the volume 
of the pyknometer (I) up to tap 9, which is at the equilibrium temperature T (temperature of the 
cryostat substance). 
of globe V1 is measured by pressure gauge D. Tap 9 is opened and some of component 
1 is condensed in the pyknometer, tap 9 is then closed again and the final pressure of 
globe Vl is measured. The same procedure, with corresponding taps, is then repeated to 
charge the pyknometer with component 2. The bulb (B) and mercury manometer (C) 
boost and control the pressure and so facilitate the transfer of the gas. From the initial 
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and final measurements of total pressure (Pi3), temperature (Tamb, i, Tw, 1), and known cal- 
ibrated volumes (Vi, V--c,, hMM,; ), where i=1,2 denotes component and j= intial, f final 
denotes initial or final measurement reading, PVT calculations, requiring an equation of 
state, are performed to compute the total number of moles of each component transferred 
to the pyknometer. 
The mixture being tested is contained in the glass pyknometer I, which is surrounded 
by a glass jacket containing a cryostat substance. The experiment is performed at the 
triple point of the cryostat substance. This ensures that a constant temperature can 
be controlled for periods of time which are long enough to reach equilibrium and take 
readings. In addition, the same temperature can be reached repeatedly without the need 
for interpolations, which are required in transient methods of temperature control. Since 
the connecting piping is triple lined, successive expansions and compressions of the vapour 
between taps 8 and 9, using additional vessels, are performed to decrease the time taken 
to reach equilibrium. These additional vessels are not included in figure 6.3, since they 
are not relevant to the model, though they are very important to ensure that equilibrium 
has been reached. Further details can be found in Calado et al. (1980). In order to model 
the rig it is only necessary to know the volume between taps 8 and 9. 
Once the test mixture has been prepared tap 9 is closed and the piping is thoroughly 
degassed. Tap 7 is closed to ensure that the overall composition of the mixture is not 
changed and the phase equilibrium experiment is performed. Once the total pressure 
reaches a constant value, indicating that equilibrium has been attained, the total pres- 
sure is measured by pressure gauge D. The experiment is then repeated for a number 
of mixtures of varying overall composition to build up a phase diagram over the entire 
composition range. 
The mathematical model of the experimental setup consists of the equations required to 
calculate the total number of moles present involving volumes V2, Vxc; and VMM, i, i=1,2, 
and the model of the vapour-liquid equilibrium experiment involving volumes Vk and 
V.. The total number of moles of component i in the overall mixture, ntotal, i, is obtained 
by using the data gathered while charging component i from the difference in the initial 
and final numbers of moles, ninitial and ofinal total, i total, ti, respectively: 
n ntot ,, i - nfinal 2= 1ý2ý 
ý6ý1) total, i = ttnl, total, i+ 
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There is a contribution to the initial and final number of moles from the volume sections 
of the globe (Vi), connecting piping (V_-. ) and mercury manometer (VMM, i) as follows 
ntotol, i = nt + nxci + n3MM, i, 
i=1,2 j= initial, final (6.2) 
The initial and final numbers of moles in each section are obtained from the measured 
pressures and temperatures via PVT calculations, which require pure component models 
of the equation of state. The relation of pressure (P) as a function of temperature (T), 
volume (V), number of moles (n) and pure component parameters (9) for initial and final 
measurements are given below for the three sections of the experimental setup: 
1'i = .f 
(T,, i, Vi, nil; 6ii), i=1,2 j= initial, final (6.3) 
Pj =f (Tämb, i, Vxci, n'ci; 6ii), i=1,2 j= initial, final (6.4) 
Pj =f (Tämb, i VMM, iI 
nMM, 
i; Biz), i=1,2 j= initial, final. (6.5) 
It is assumed that the pressure is constant throughout the apparatus. All pressures and 
temperatures are measured quantities, the volumes of the globes (Vi) and connecting piping 
(V,. ) are also known. The volume of the mercury manometer is not measured directly 
but can be calculated from the known radius r and measured height hMM, ti of fluid in the 
manometer: 
VMM, 
i = rr2hMM, i, i=1,2 j= initial, 
final (6.6) 
To summarise, the model equations (6.1) to (6.6) need to be solved to compute the total 
number of moles of each component (ntotaj, i) present in the experimental mixture. For a 
two component system (nc = 2) this results in 22 equations. The unknowns are all the n 
variables and the volume of the mercury manometer (VMM). All pressures, temperatures, 
remaining volumes and dimensions of the mercury manometer are measured experimen- 
tally. In table 6.1 the calibrated volumes Vi, VVca, Vpyk, V. and the cross-sectional area of 
the mercury manometer are reported. Since the volume of the pyknometer in this work 
has been defined up to tap 9 the value tabulated differs from original publications (Mar- 
tins et al., 2002; Calado et al., 1997b; Calado and Filipe, 1996) for these mixtures. The 
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Table 6.1: The calibrated volumes for each section of apparatus are given for Xe + B2H6 and Xe 
+ C3H6. The calibrated volumes for Xe + BF3 are the same as for Xe + C3H6. 
Mixture Vi V2 VVcl VVC2 Vx Vpyk irre 
(cm 3) (cm3) (cm3) (cm3) (cm3) (cm3) (cm2) 
Xe (1) + B2H6 (2) 2223.5 2225.3 27.736 28.229 14.314 2.7637 0.04155 
Xe (1) + C3H6 (2) 2223.5 2225.3 27.736 28.229 11.107 2.7653 0.04155 
previously unpublished initial and final readings of temperature, pressure and height of 
the mercury manometer for the mixtures modelled in this work are given in tables 6.2 
and 6.3. The large number of significant figures reported for the pressure measurements 
is justified considering the accuracy of the experimental equipment used. As discussed in 
section 6.4 the quartz manometers employed to take pressure readings are very accurate 
with an estimated error of 0.01 %, while the temperature measurements are reported to the 
same degree of accuracy as other temperature measurements in the original publications 
(Martins et al., 2002; Calado et al., 1997b; Calado and Filipe, 1996). 
The model of the vapour-liquid equilibrium (VLE) experiment consists of the pyknometer 
(Vpyk), in which vapour and liquid are present, and the piping section (Vi) that connects 
the pyknometer to the pressure gauge, in which only vapour is present. It is assumed that 
the vapour in the pyknometer and connecting piping are of the same composition and 
that the pressure is constant throughout. The pyknometer is at the temperature of the 
cryostat substance (T), N 160 - 185 K, and the piping is at ambient temperature (Ti), 
N 300 K. The small volume of piping between the top of the pyknometer I and tap 9 
(Vgr) is partly covered by the cryostat substance. However, the exact proportion of this 
volume of piping is unknown. In the model of the experimental setup it has been assumed 
that the volume (Vgr) is part of the volume of the pyknometer (Vpyk) at temperature T, 
therefore Vpyk defined in figure 6.3 and the values given in table 6.1 are defined up to 
tap 9. It has also been assumed that there is an instantaneous change in temperature at 
tap 9 from the temperature of the cryostat substance (T) to ambient temperature (Ti). 
For comparison the opposite extreme where the volume V., is included in the volume of 
the piping V,, at TT has been considered. This results in a slightly different value, of the 
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Table 6.2: The initial and final pressure, temperature, and height of the mercury manometer 
readings, taken when charging xenon and diborane. These readings are required for the pure 
component PVT calculations to determine the total number of moles of each component present 


















'initial MM, i 
(cm) 
'final MM, i 
(cm) 
Xe +B2H6 T= 182.34 K 
Xe (1) 0.0660230 0.0617230 296.15 296.15 300.86 300.87 16.9 15.9 
Xe (2) 0.0550983 0.0536217 295.65 296.15 300.87 300.87 14.4 14.1 
Xe (3) 0.0485471 0.0446543 295.15 295.15 300.87 300.88 12.9 12.0 
Xe (4) 0.0391726 0.0363928 295.15 295.15 300.90 300.89 10.7 10.0 
B2H6 (1) 0.0361644 0.0333714 296.15 296.15 300.87 300.87 9.9 9.2 
B2H6 (2) 0.0339807 0.0289285 296.15 295.65 300.87 300.87 9.4 8.1 
B2H6 (3) 0.0343617 0.0306329 295.15 295.15 300.88 300.88 9.5 8.6 
B2H6 (4) 0.0377575 0.0336276 295.15 294.65 300.89 300.89 10.3 9.4 
Xe + B2H6 T=161.4K 
Xe (1) 0.0974734 0.0922273 296.65 297.15 306.75 306.75 23.4 22.3 
Xe (2) 0.0834017 0.0804928 298.15 298.15 300.03 300.03 20.5 19.9 
Xe (3) 0.0754390 0.0739183 295.65 295.15 300.04 300.05 18.9 18.6 
B2H6 (1) 0.0388434 0.0360330 298.15 297.65 306.75 306.75 10.4 9.7 
B2H6 (2) 0.0382606 0.0339342 298.15 297.65 300.03 300.03 10.3 9.2 
B2H6 (3) 0.0379513 0.0327687 296.65 297.15 300.05 300.05 10.3 9.1 
adjustable parameter k of N1 %, with very similar overall error in pressure. 
In order to model the experimental setup the phase equilibrium conditions of equality in 
pressure, temperature, and chemical potential of each component in each phase must be 
satisfied. These are the same equations as were included in the phase equilibrium model 
to obtain mixture parameters from PTxy detailed in section 5.3. For two phases, vap 
and liq this can be written as a function of temperature, molar volume, composition, pure 
" 
6. An integration of the description of fluid phase equilibrium experiments and 
molecular model building 230 
Table 6.3: The initial and final pressure, temperature, and height of the mercury manometer 
readings, taken when charging each component. These readings are required for the pure compo- 
nent PVT calculations to determine the total number of moles of each component present in the 
mixture. 
Run pinitial pfinal Tinitial 









(MPa) (MPa) (K) (K) (K) (K) (cm) (cm) 
Xe + C3H6 T=161.39K 
Xe (1) 0.0317500 0.0241567 293.65 293.65 297.86 297.88 8.6 6.8 
Xe (2) 0.0587098 0.0537527 297.15 297.15 297.95 298.15 14.9 13.9 
Xe (3) 0.0530943 0.0492710 295.65 295.65 297.88 298.16 13.7 12.9 
Xe (4) 0.0481636 0.0424880 295.15 295.15 298.34 298.31 12.6 11.3 
Xe (5) 0.0376237 0.0331554 294.15 294.15 298.05 298.05 10.0 9.1 
Xe (6) 0.0327729 0.0272645 295.15 295.15 298.04 298.05 8.8 7.6 
Xe (7) 0.0269490 0.0234932 293.15 293.65 298.05 298.06 7.3 6.7 
Xe (8) 0.0232175 0.0203488 293.15 293.15 298.05 298.05 6.4 5.9 
C3H6 (1) 0.0928447 0.0905292 293.15 293.15 297.88 298.12 22.6 22.2 
C3H6 (2) 0.0686731 0.0636400 296.65 296.65 297.47 297.46 17.2 16.2 
C3H6 (3) 0.0630461 0.0583655 295.15 295.15 297.76 297.76 16.1 15.0 
C3H6 (4) 0.0577999 0.0547623 295.15 295.15 297.97 298.30 14.9 14.2 
C3H6 (5) 0.0489532 0.0463153 293.15 293.15 298.06 298.06 13.0 12.4 
C3H6 (6) 0.0458374 0.0449333 294.15 294.15 298.05 298.05 12.0 11.9 
C3H6 (7) 0.0444656 0.0408357 293.15 293.15 298.06 298.06 11.8 11.0 
C3H6 (8) 0.0404112 0.0368502 292.65 292.65 298.05 298.05 11.0 10.2 
Xe + BF3 T= 182.33 K 
Xe (1) 0.0426443 0.0419887 296.15 296.15 298.12 298.12 11.2 11.0 
Xe (2) 0.0866237 0.0850730 293.65 293.15 298.13 298.13 21.2 20.9 
Xe (3) 0.0794447 0.0774393 294.65 294.15 298.12 298.12 19.6 19.2 
Xe (4) 0.0635047 0.0542912 295.15 295.15 298.12 298.02 16.2 14.2 
Xe (5) 0.0766662 0.0641463 295.15 296.65 298.12 298.12 19.0 16.4 
Xe (6) 0.0537834 0.0430759 295.65 296.15 298.13 298.13 13.9 11.4 
BF3 (1) 0.0347107 0.0278431 296.15 296.15 298.12 298.12 9.3 7.5 
BF3 (2) 0.0731838 0.0593388 294.65 294.15 298.12 298.12 18.4 15.3 
BF3 (3) 0.0501989 0.0409038 294.65 294.15 298.13 298.12 13.1 11.0 
BF3 (4) 0.0382262 0.0362965 294.65 294.65 298.13 298.12 10.2 9.8 
BF3 (5) 0.0404930 0.0385886 294.65 294.65 298.13 298.12 10.8 10.3 
BF3 (6) 0.035927.2 0.035054.6 295.65 295.65 298.13 298.13 9.6 9.4 
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component parameters and mixture parameters as follows: 
T= Tick = Tpyk (6.7) 
P=f (T lpyk, vpyk, x; ,)= .f 
(Tpvkl , vp 
kp 
l V; 27 
(6.8) 
liq liq liq vap/ vap vap µ (Tpyk evi xi 
e' a) 
_ ýi lTpyk Vpyk l y; 
21 a)1 i=1,2, (6.9) 
where viiq and v' are molar volumes of the liquid and vapour phase, 9 is the matrix 
of pure component parameters, and 6 is the set of mixture parameters. It is important 
to recall here that the aim of this work is to obtain statistically significant molecular 
parameters for the mixture. As also specified in section 5.3 a further condition is that the 
sum of the mole fractions in the liquid (x) and vapour (y) phases must equal 1, i. e., 
X1 + x2 =1 . (6.10) 
Y1+y2=1. (6.11) 
The number of moles and molar volume of each phase is related to the volume of the 
pyknometer as follows: 
Vk_ nliq 'Uli f 71yap ya 7 P9l pyk pyk pyk pyk' 
(6.12) 
In addition to equations (6.7) to (6.12) describing the vapour and liquid in equilibrium 
in the pyknometer, equations representing the pressure and volume of the vapour in the 
connecting piping (Vi) are required 
p= f (TX, vxvQp, y; B, b) (6.13) 
V-- = nxv. QP. (6.14) 
If there are other sections of equipment such as the pressure gauge, which operate at a 
different temperature to the piping and are not negligible in volume, they can easily be 
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Table 6.4: The readings of the piping temperature (Ti) for each total pressure VLE experiment 
at fixed total number of moles (ntatat, t). 
Run T, (K) Run Tx (K) Run (K) T, 
Xe + B2H6 T= 182.34 K Xe + C3H6 T= 161.39 K Xe + BF3 T= 182.33 K 
(1) 296.15 (1) 294.15 (1) 296.15 
(2) 297.15 (2) 297.15 (2) 294.65 
(3) 296.65 (3) 295.65 (3) 294.15 
(4) 295.15 (4) 295.15 (4) 294.90 
Xe + B2H6 T= 161.40 K (5) 294.15 (5) 294.65 
(1) 296.15 (6) 295.15 (6) 296.15 
(2) 298.15 (7) 294.15 
(3) 295.15 (8) 293.65 
incorporated into the model by including equations (6.13) and (6.14) for the additional 
apparatus. Finally, an overall mole balance must be satisfied: 
liq vap ntotal, i = npýkxi + npykyi + %yi 
To summarise, equations (6.7) to (6.15) model the vapour-liquid equilibrium experiment. 
The known measured quantities are the temperatures T and TT and volumes Vpk and 
V. The previously unpublished volumes Vpyk and Vx are reported in table 6.1, and TT is 
also given in table 6.4. ntotat, i is computed consistently using the pure component model 
of the equation of state, which in our case is SAFT-VR. The composition, molar volume, 
number of moles of each phase in each section of the apparatus and pressure are obtained 
for a given set of pure component and mixture parameters representing the interactions 
between like and unlike molecules. The mixture parameters are estimated by minimising 
the difference in the calculated and experimental pressure. The parameter estimation is 
described in the next section. 
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6.3.2 Parameter estimation 
The estimation of molecular parameters to PTz data, which has been integrated into the 
model of experimental setup, is now described in detail. The binary mixture parameters 
of SAFT-VR are obtained by optimising the description of the experimental pressure at 
a given temperature and total number of moles. The calculated pressure is obtained by 
solving the experimental setup model, equations (6.7) to (6.15). The error of the total 
pressure measurements can be easily estimated and so the parameter estimation problem 
is formulated in terms of a Maximum Likelihood Estimation (MLE) objective function, 
allowing an estimate of the confidence of the optimal parameters obtained and statistical 
measure of "goodness-of-fit". Further information on MLE can be found in Press et al. 
(1986). The MLE objective function is defined in PSE (2004b) as 





fobj = ln(2) + ¢n In(q) -I- o. 2 
(6.16) EE 
p=1 q=1 pq 
where X is the total number of measurements, NE is the number of experimental data 
sets (each with a constant total number of moles), NPp is the number of pressure points 
in the pth data set, Ppq is the experimental or calculated pressure in the pth data set, 
6 is the set of pure component parameters, Ö is the set of binary interaction parameters 
to be estimated, and vpq is the variance of the qth measurement of pressure in the pth 
experimental data set. Different variance models can be used. A relative variance model, 
Qp2q = Wp2q * (PPQ pt)2., is chosen to take into account the order of magnitude of pressure. The 
experimental error of the pressure measurements is estimated to be very small, 0.01 
due to the quality of the manometers used. This corresponds to w=0.0001. Since a fixed 
w value was applied to all measurements, this reduces the formulation of the objective 
function to a relative least squares formulation. 
Mixture models were also developed using the PTxy data obtained from data reduction 
as published in the original papers. These were obtained following the phase equilibrium 
model and parameter estimation to PTxy data detailed in section 5.3. Both the total 
pressure and vapour phase composition are included in the objective function, equation 
(5.6). It should be noted that none of the equations describing the apparatus are involved 
in this approach. Since it is difficult to estimate an experimental error that incorporates 
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the bias due to the data processing stage, only a least squares objective function, relative 
in terms of pressure and absolute in terms of vapour composition, is considered. 
The same gradient-based algorithm, as implemented in gPROMS (Oh and Pantelides, 
1996; PSE, 2004a; PSE, 2004b), is used to identify the local minimum in parameter 
estimation for both the PTz and PTxy data. To increase the likelihood of finding the 
global minimum, the parameter estimation is repeated for a number of initial points. The 
optimal parameter set for a given thermodynamic model is chosen on the basis of the 
lowest objective function. In order to assess how well the thermodynamic model describes 
the experimental data, %AADs for pressure and AADs for mole percent are analysed. 
6.4 Results and discussion 
Results of SAFT-VR mixture models developed using the model of the experimental setup 
(PTz approach) and using the processed data (PTxy approach) are presented. In the PTz 
approach raw experimental data from the charging of the mixture into the apparatus are 
required for calculation of the number of moles of each component in the mixture as well 
as the total pressure readings from the VLE experiment. In the PTxy approach the 
total pressure readings and coexisting phase compositions obtained from data reduction 
are employed directly. Both of these types of data are available for three experimentally 
well-studied and characterised mixtures of varying complexity in phase behaviour. Xenon 
+ diborane (B2H6) (Martins et al., 2002) is a near-ideal mixture, which exhibits type I 
phase behaviour (with a continuous VLE envelope) according to the classification of van 
Konynenburg and Scott (van Konynenburg and Scott, 1980). There are experimental 
data available for this mixture at two isotherms, 161.40 K (the triple point of xenon) and 
182.34 K (the triple point of dinitrogen oxide). Xenon + cyclopropane (C3H6) (Calado 
et al., 1997b) also exhibits type I phase behaviour, but is characterised by a much wider 
VLE region. Experimental data are available for this mixture at 161.39 K. The mixture 
xenon + BF3 (Calado and Filipe, 1996) is classified as type IIA, since it exhibits liquid- 
liquid immiscibility and contains a heteroazeotrope. As the experimental apparatus was 
constructed completely from glass, liquid-liquid immiscibility could be observed and hence 
the boundaries of the LLE region are known with high confidence. Experimental data are 
available for the 182.33 K isotherm. 
6. An integration of the description of fluid phase equilibrium experiments and 
molecular model building 235 
Table 6.5: The pure component SAFT-VR square-well models for xenon, diborane, cyclopropane 
and BF3 are reprinted with reference to the original publication: m is the chain length, v the 
segment diameter, e the well depth, and )º the range parameter. 
Component m a e/k A Ref. 
(-) (A) (K) (-) 
Xenon 1.0 3.849 243.3 1.478 Filipe et al. (2000a) 
Diborane 1.3171 4.08183 253.628 1.39160 This work 
Cyclopropane 1.2253 4.11529 374.901 1.37533 This work 
BF3 1.6 3.412 272.6 1.3 Dias et al. (2003) 
Before mixture models can be developed, reliable models for the pure components are 
required. A spherical, square-well, non-associating model for xenon has already been 
developed in Filipe et al. (2000a). It should be noted that in subsequent publications 
Filipe et al. (2000b) and Dias et al. (2003) the reported value of the well depth e was 
different. In this work the overall pressure and saturated liquid density %AADs compared 
to experimental data in Calado and Filipe (1996), Bowman et al. (1969), Theeuwes 
and Berman (1970), Slyusar et al. (1972), Vargaftik (1972) and Terry et al. (1969) are 
evaluated using both published values of e. It was found that a lower %AAD of 0.56 %, 
compared to 1.07 %, is obtained with the value of e reported in Filipe et al. (2000a). 
In Dias et al. (2003) a non-spherical, square-well chain, non-associating model for BF3 
was presented. Associating models were also considered, but as preliminary results did 
not show any significant improvement in pure component or mixture predictions, a non- 
associating model was chosen. 
Pure component models for diborane and cyclopropane were developed in section 4.4.6 
with non-sphericity m specified according to quantum mechanical calculations in Giner 
et al. (2008). In the case of diborane both non-associating and associating models were 
considered. Though the associating models gave a better description of the pure com- 
ponent properties, the non-associating model was subsequently found to give a better 
description of the mixture xenon + diborane. The previously developed pure component 
models are used here, the parameters for which are reprinted in table 6.5. 
To obtain a good description of the mixture fluid phase behaviour the binary interaction 
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parameters are adjusted to mixture VLE data. Since there are no cross association inter- 
actions and there are relatively few data points available for parameter estimation, only 
the mixture parameter describing the strength of the unlike dispersion interactions (eij) is 
optimised, represented by the binary correction to the Lorentz-Berthelot rule k.. In the 
case of Xe + BF3 the effect of estimating both the strength and range of cross dispersion 
interactions k and k is also investigated. The mixture parameters are obtained from 
two different approaches. Firstly, the self-consistent model of the experimental setup with 
integrated parameter estimation to PTz data can be used. In this approach the statistical 
significance of the optimal parameters can be evaluated. This is possible since the exper- 
imental error of the pressure measurements is incorporated in the parameter estimation, 
and the same thermodynamic model is used to compute the amount of substance present 
and model the vapour-liquid equilibrium experiment. Secondly, the mixture parameters 
can be obtained from PTxy data in which the compositions of the coexisting phases are 
obtained from data reduction. For all of the mixtures in this study the same data re- 
duction procedure was followed in the original work, in which vapour phase non-idealities 
were represented by the virial expansion of the pressure truncated after the second virial 
coefficient and the liquid phase was modelled using a Redlich-Kister type equation. The 
optimised values of the correction to the mixture parameters and an evaluation of how 
well the model describes the phase behaviour in terms of. the relative absolute average 
deviation for the pressure in the PTz approach; and the relative absolute average devia- 
tion for pressure and the absolute average deviation for vapour mole percent in the PTxy 
approach are given in table 6.6. The 95 % confidence intervals have been computed, as- 
suming a Student-t distribution, for the parameters obtained from the PTz approach and 
are included in table 6.6. These are discussed later in this section together with additional 
statistical tests that are presented in table 6.8. The coexisting liquid and vapour composi- 
tions and pressure predicted with SAFT-VR EoS along with the coexisting compositions 
obtained in the original data reduction are reported in table 6.7. The overall composi- 
tion obtained from the SAFT-VR pure component models and the experimental pressure 
points used in the optimisation are also presented in table 6.7. 
The predictions of the SAFT-VR model of xenon + diborane developed using the PTz 
approach are shown in figure 6.4 compared to the overall composition points, calculated 
using SAFT-VR, that are used in the optimisation. For completeness the coexisting liquid 
and vapour phase compositions, as calculated in the original data reduction procedure, 
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Table 6.6: The optimal values of the binary mixture parameters obtained from either the PTz 
or PTxy approach for the three mixtures studied. In the case of Xe + BF3 (2) both kj and k 
are estimated. The symbols * and + denote kau and k respectively. An evaluation of the overall 23 
%AADs in pressure and AADs in vapour mole percent is presented. The 95 % confidence intervals 
assuming a Student-t distribution are also presented for the parameters obtained from the PTz 
approach. 
Mixture Approach k7 or kj 95 % CI %AADp (%) AADy (%) 






























Xe + BF3 (2) PTz 0.134852* ± 0.000420 2.34 - 
0.030501+ ± 0.000234 
PTxy 0.046528* - 4.83 3.72 
0.062005+ - 
are also plotted. As can be seen in table 6.6, there is excellent agreement of the SAFT- 
VR pressure predictions with the measured data for xenon + diborane. Furthermore, the 
liquid and vapour compositions predicted by SAFT-VR are in good agreement with those 
obtained from data reduction, as can be seen from figure 6.4. It should be noted that 
raw experimental data required for the calculation of the amounts of substance was only 
available for 7 out of 13 of the experimental data points published in Martins et al. (2002). 
Therefore only these 7 points are plotted in figure 0.4 and only the corresponding 7 points 
were used in the PTxy parameter estimation. 
The SAFT-VR model for xenon + cyclopropane is plotted in figure 6.5. Although the 
mixture exhibits a very large VLE region, a relatively small binary mixture parameter is 
required to capture the phase behaviour. There is excellent agreement between the ex- 
perimental data and the SAFT-VR predictions. The difference in the overall composition 
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Table 6.7: The coexisting compositions predicted by the SAFT-VR model, obtained from the PTz 
approach, and the coexisting compositions obtained from data reduction (PTxy approach) are pre- 
sented. The overall composition obtained from SAFT-VR and experimental pressure readings used 
in the optimisation as well as those calculated with SAFT-VR are also presented. All composi- 
tions are in terms of mole fraction of xenon. The symbol * represents compositions obtained from 
SAFT-VR models of the experiment, and the symbol + represents compositions obtained from 
data reduction, where a, b and c represent sources Martins et al. (2002), Calado et al. (1997b) 
and Calado and Filipe (1996) respectively. 
pexpt (MPa) Pcalc (MPa) z* x* y* x+ y+ 
Xe+B2H6 T 161.4Ka 
0.04582 0.04540 0.22721 0.21227 0.47325 0.21264 0.46451 
0.05561 0.05588 0.40259 0.38513 0.65460 0.38654 0.64094 
0.06737 0.06842 0.65211 0.63904 0.81752 0.64016 0.80943 





























Xe+C3H6 T= 161.39Kb 
0.03714 0.03702 0.44403 0.42107 0.99205 0.42090 0.99209 
0.03800 0.03794 0.44963 0.43255 0.99238 0.42930 0.99236 
0.04051 0.04047 0.48549 0.46437 0.99321 0.46425 0.99320 
0.04161 0.04172 0.49463 0.48011 0.99358 0.47827 0.99353 
0.05153 0.05159 0.62655 0.60673 0.99594 0.60670 0.99588 
0.05316 0.05327 0.64397 0.62847 0.99626 0.63342 0.99624 
0.06196 0.06233 0.75679 0.74591 0.99773 0.75127 0.99770 
0.06962 0.07013 0.85789 0.84608 0.99872 0.84616 0.99867 
Xe + BF3 T= 182.33 K° 
0.27269 0.26079 0.08720 0.01291 0.32322 0.01759 0.29618 
0.34615 0.35308 0.10259 0.03017 0.50102 0.04083 0.43866 
0.40154 0.41501 0.17973 0.04487 0.57683 0.06861 0.51440 
0.42475 0.42945 0.82767 0.92575 0.55783 0.91868 0.57050 
0.42129 0.41222 0.86860 0.93693 0.58385 0.93884 0.58267 
0.35050 0.33423 0.92530 0.97292 0.73090 0.97988 0.71124 
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Figure 6.4: Pressure-composition diagram for the mixture xenon + diborane (B2H6) at 182.34 K 
and 161.4 K. The SAFT-VR model, developed using the PTz approach, is represented by the 
continuous curves, the filled symbols represent the overall composition (z) calculated with SAFT- 
VR and the open symbols represent the liquid (x) and vapour (y) compositions calculated from 
data reduction by Martins et al. (2002). The squares represent data points at 182.34 K and 
triangles represent data points at 161.4 K. 
computed from SAFT-VR and the liquid compositions obtained from the data reduction 
is very small. 
There is good agreement between the SAFT-VR calculations obtained from the PTz ap- 
proach and experimental data for the mixture Xe + BF3, plotted in figure 6.6. The 
experimentally observed three-phase line is approximately 0.425 MPa compared to a pre- 
diction of 0.415 MPa from the SAFT-VR model of the PTz experiment. In Dias et al. 
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Figure 6.5: Pressure-composition diagram for the mixture xenon + cyclopropane (C3H6) at 
161.39 K. The SAFT-VR model, developed using the PTz approach, is represented by the con- 
tinuous curves, the filled squares represent the overall composition (z) calculated with SAFT-VR 
and the open squares represent the liquid (x) and vapour (y) compositions calculated from data 
reduction by Calado et al. (1997b). . 
(2003) a SAFT-VR model for xenon + BF3 was developed by adjusting k to correctly 
reproduce the three-phase line. A kýý of 0.2 was obtained, which is very similar to the 
values obtained in this work with both the PTz and PTxy approaches. 
The model of experimental setup is based on vapour-liquid equilibrium and the integrated 
parameter estimation problem includes only VLE points. Since xenon + BF3 exhibits 
liquid-liquid immiscibility it is important to check a posteriori the phase stability of the 
SAFT-VR model. If a phase stability check is not performed this can lead to a model 
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Figure 6.6: Pressure-composition diagram for the mixture xenon + BF3 at 182.33 K. The SAFT- 
VR model in which only the binary parameter k il. refined, using the PTz approach, represented 
by the continuous curves, the dashed line represents the three-phase line predicted by the SAFT- 
VR model, the filled squares represent the overall composition (z) calculated with SAFT-VR, 
and the open squares represent the liquid (x) and vapour (y) compositions calculated from data 
reduction by Calado and Filipe (1996). 
representing unstable equilibrium, as has been highlighted in the work of Xu et al. (2005). 
To try and further improve the description of the phase behaviour of xenon + BF3 both 
the energy ký and range k binary mixture parameters can be estimated. However, as 
shown in table 6.6 there is a large discrepancy in the Xe + BF3 model obtained from the 
PTz and PTxy approaches when both k- and k are estimated. Reasons for this could 
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Table 6.8: The 90% and 95% confidence intervals (CI), assuming a Student-t distribution, for 
the estimation of binary mixture parameters to PTz data. The symbols * and + denote ký and 
k respectively. The results from the 95% t-value "goodness-of-fit" test are also presented. The 
parameters are deemed a "good fit" if the 95% t-value is greater than the 95% reference t-value. 
Model kij 90% CI 95% CI 95% 95% ref. 
t-value t-value 
Xe + B2H6 0.015967* ± 0.000017 ± 0.000021 767.0 1.943 
Xe + C3H6 -0.00891O* ± 0.000012 ± 0.000015 2809.5 1.895 
Xe + BF3 (1) 0.200766* ± 0.000030 ± 0.000038 5266.0 2.015 
Xe + BF3 (2) 0.134852* ± 0.000420 ± 0.000547 246.4 2.132 
0.030501+ ± 0.000180 ± 0.000234 557.9 2.132 
be a high degree of correlation between the two parameters and wider confidence intervals 
for the model obtained from PTxy data. Since it is difficult to quantify the experimental 
error of the coexisting compositions obtained from data reduction a full statistical analysis 
of the model obtained is not possible. 
However, an estimate of experimental error in the pressure readings can be incorporated 
into the parameter estimation problem in the PTz approach, enabling an evaluation of 
the statistical significance of the optimal parameters thus obtained. A realistic estimate of 
uncertainty in the quartz manometers used is 0.01 %. Assuming a Student-t distribution, 
the 90% and 95% confidence intervals (CI) are computed. These are presented in table 6.8. 
It can be observed that very narrow confidence intervals are computed for all models. In 
addition, the 95% t-value "goodness-of-fit" test, also presented in table 6.8, is passed for 
all mixture models. This indicates that the standard deviation and confidence intervals are 
small relative to the optimal parameter thereby giving confidence in the model. However, 
the confidence intervals are wider and the margin by which the t-value test is passed 
is lower for the Xe + BF3 model where both kzj and k are estimated. The common 
"goodness-of-fit" test, the X2 test, is not applied here as there are insufficient data points. 
More data are required to increase the confidence in the predictive ability of the model. 
For the Xe + BF3 model where both kzj and k are estimated there is high correlation 13 
between the two parameters, with a reported correlation coefficient of -0.996794, where a 
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Figure 6.7: The 95% confidence ellipsoid for the xenon + BF3 model where both binary mixture 
parameters kjIj and kj are estimated to PTz data. The filled circle represents the optimal point 
and the curve represents the boundary of the 95% confidence ellipsoid. 
value of 0 indicates no correlation, and a value of 1 or -1 indicates complete correlation. 
The narrow and elongated 95% confidence ellipsoid in figure 6.7 further illustrates the 
high degree of correlation between kýý and k. From the confidence ellipsoid one can also 17 
observe that for k=0 the optimal value of kzý is approximately 0.2, as was obtained for 
all the xenon + BF3 models where only k, was estimated. On the basis of this the Xe + 
BF3 model where both k, and k is estimated to the PTz data is eliminated in favour 
.7 ii 
of the model where only kau is estimated, despite a small improvement in overall pressure 
%AAD to 2.34%. 
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6.5 Case study: hydrogen fluoride + refrigerant mixtures 
6.5.1 Motivation and challenges 
In the first part of this chapter a mathematical model for the total pressure VLE experi- 
mental setup with integrated parameter estimation of binary mixture parameters has been 
presented. This approach can be applied to challenging mixtures containing hydrogen flu- 
oride (HF) and refrigerants, as is now demonstrated in this case study. In particular a 
SAFT-VR model for the mixture HF + R122 is developed from PTz data obtained from 
total pressure experiments at Ineos Fluor Ltd. (Ineos Fluor Ltd., 2006). In previous anal- 
ysis of the system the composition of the coexisting phases has been obtained from data 
reduction and hence is dependent on the thermodynamic models. Models using advanced 
equations of state have then subsequently been developed using the correlated PTxy data 
(approach illustrated in figure 6.1). The benefit of using raw PTz data in an integrated 
approach (illustrated in figure 6.2) is demonstrated by this case study. 
There are a number of challenges encountered in performing experiments on HF + re- 
frigerant mixtures and in their subsequent modelling. HF + refrigerant mixtures are 
characterised by strong association interactions between like and unlike molecules in the 
form of hydrogen bonding and permanent dipoles. As a result of asymmetries in the 
interactions the phase behaviour of these systems often exhibits regions of liquid-liquid 
immiscibility and azeotropes. From a modelling perspective it is desirable that all these 
features of phase behaviour are captured accurately. In practice however, there is little 
experimental data available for validation of models. Experiments are expensive and dif- 
ficult to perform and often results obtained in an industrial context are not published 
in the open literature. Furthermore, due to the extremely toxic and corrosive nature of 
HF, the experimental apparatus must be constructed from robust enclosed metal alloy 
cells. Consequently, it is not possible to observe visually the number of phases present in 
equilibrium, with the introduction of, for example, glass windows. If three samples are 
taken from the equilibrium cell; one vapour sample from the top of the cell and two liquid 
samples from the bottom and top of the liquid region, as was done in the experiments of 
Santacesaria et al. (1993), it is possible to determine the number of phases present with 
a high degree of certainty. However, as discussed in section 6.1, there are difficulties asso- 
ciated with sampling and these are accentuated by the presence of HF. In the experiment 
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modelled in this case study no sampling was undertaken. Hence, there is a high degree 
of uncertainty as to the number of phases present for each PTz data point. Since the 
mathematical model of phase equilibrium assumes the presence of only two phases (VLE) 
it is important to ensure that data points that would correspond to conditions of three 
phase equilibria (VLLE) are not included in the parameter estimation and experimental 
model. 
In this case study the particular mixture HF + R122 is studied. A previous model for this 
mixture, which had been developed using correlated PTxy data (Paricaud et al., 2004b), 
is available for comparison. In the next section details of adjustments in the experimental 
setup and parameter estimation procedure are discussed. This is followed by a description 
of the SAFT-VR model obtained, which is compared with other models where possible. 
6.5.2 Model of experimental setup 
Ineos Fluor Ltd. (2006) performed total pressure experiments, similar to the total pressure 
experiments performed by Calado et al. (1980), which are modelled in the first part of 
this chapter. However, there are some small differences in the VLE experimental setup 
and charging of the equilibrium cell that must be incorporated into the model proposed 
in section 6.3. 
A simplified schematic of the experimental setup at Ineos Fluor Ltd. (2006) is shown in 
figure 6.8. It should be noted that in the experiments of Calado et al. (1980) the volume 
of the equilibrium cell was quite small and often the purpose of the experiment was to 
measure density. Hence the equilibrium cell is referred to as a pyknometer. However, in 
the experimental setup of Ineos Fluor Ltd. (2006) the equilibrium cell is of a much larger 
volume and is referred to as vessel. The experimental setup consists of an equilibrium cell 
or vessel (C), of known volume Vvesae1, and temperature T, controlled by a water/glycol 
bath. The pressure transducer D has a known volume VTran9 and temperature TTrans. 
The vessel C and transducer D are connected by a manifold. The volume of the manifold 
VMan up to tap 1 is known as is the temperature TMan. The transfer manifold from tap 
1 to tap 2 connects the equilibrium vessel with the filling manifold, defined between taps 
2,3,4, and 5. A sample reservoir A is connected to the filling manifold at tap 5. A 
detachable weighing bomb B is connected to the filling manifold at tap 3. Piping after 
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Figure 6.8: The experimental setup at Ineos Fluor Ltd. (2006) consists of the equilibrium cell C 
of known volume Vvee'el, pressure transducer D of known volume VTran8, the equilibrium cell C 
and pressure transducer D are connected by manifold piping up to tap 1 of known volume VMa". 
The equilibrium cell C is submerged in a water/glycol bath, which controls the temperature of the 
VLE experiment. The filling manifold occupies a volume from tap 2,3,4 and 5. A sample reservoir 
A containing pure component is attached to tap 5, a detachable weighing bomb B is attached to 
tap 3. The transfer manifold consists of a volume between taps 1 and 2. 
tap 4 leads to a vacuum. A number of assumptions made in the experimental setup model 
described in section 6.3.1 are once again made here. It is assumed that: the pressure is 
constant in the vessel, manifold and transducer; a temperature gradient is imposed on 
the apparatus and so it is assumed that the liquid phase is only present in the vessel; 
it is also assumed that the vapour in the vessel, manifold and transducer is of the same 
composition. 
The first step of the experiment is to charge the equilibrium vessel. This is done in a 
different way to the method used by Calado et al. (1980). Instead a method similar 
to the one described by Barley et al. (1997) is employed. Ensuring tap 2 is closed, a 
sample reservoir A, containing a pure sample of component 1, is attached to tap 5. The 
sample is degassed using repeated freeze/vacuum/thaw cycles to ensure that no impurities 
or volatiles are present. Some of component 1 is transferred to the weighing bomb B by 
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vacuum distillation. The weighing bomb 1 is then detached, weighed and re-attached. 
Tap 1 and 2 are opened and component 1 is transferred from the weighing bomb B to the 
equilibrium vessel C by vacuum distillation. After transfer is complete, the weighing bomb 
it detached and weighed again. The mass (and hence number of moles) of component 1 
present in the equilibrium vessel is known accurately from the difference in mass'before 
and after transfer. The procedure is repeated for component 2. Once the vessel is charged 
the VLE experiment is performed. The temperature was controlled by a water/glycol 
bath, once equilibrium has been established the pressure is measured, this is repeated for 
a number of different temperatures. The experiment was repeated for mixtures of different 
overall composition. 
Since a different method of charging the equilibrium vessel is used in the model proposed in 
section 6.3.1, a number of modifications need to be implemented. Equations (6.1) to (6.6) 
relating to PVT calculations to determine the number of moles of each component present 
are no longer required. The mathematical model of the experimental setup consists solely 
of the equations relating to the vapour-liquid equilibrium experiment, equations (6.7) to 
(6.15). However, in the experimental setup of Ineos Fluor Ltd. (2006) the pressure trans- 
ducer and manifold piping are at different temperatures. Therefore, equations describing 
the pressure and volume in the manifold and transducer, equations (6.13) and (6.14) must 
be modified as follows: 
P= 
,f 
TMan, vllMwn, y; e, a) 
vap VMan = nManVMan 
P 
.f = 
(TTrans, vTrans1 y; 9,6) 
vap VTrans = nTransVTrans' 





liq vap ntotal, i = nVessedxi + nVesselYi + nManYi + nTransYi 1,2. (6.21) 
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To summarise, equations (6.7) to (6.12) and (6.17) to (6.21) model the vapour-liquid equi- 
librium experimental setup at Ineos Fluor Ltd. (2006). The known measured quantities 
are: temperatures T, TTrans, and TMan; volumes VVessel, VTrans, and VMan; and mass of 
components 1 and 2 giving the total number of moles of each component present ntotal, i- 
The coexistence compositions, molar volume, number of moles of each component in each 
section of the apparatus, and pressure are calculated for a given set of pure component 
and mixture parameters representing the interactions between like and unlike molecules. 
At a given temperature the mixture parameters are estimated by minimising the difference 
between the calculated and experimental pressure for each total composition. 
6.5.3 Adjustments to the parameter estimation approach and determi- 
nation of VLE data 
The objective function has the same formulation as presented in equation (6.16). However, 
since there is a high degree of uncertainty as to the number of phases present for a given 
data point the variance model (opq) chosen no longer represented the experimental error. 
Instead a variance of 1 was specified and the formulation of the objective function is 
reduced to a relative least squares formulation: 
NE NPP /Pexp - PcalcýQ x112 l P9 p4 -/ 1 6ln fobj = (pe P12 . 
P=1 q=1 1 
(6.22) 
The same gradient-based algorithm as previously described, is used to identify a local 
minimum. Parameter estimation is repeated for a number of initial guesses to increase 
the likelihood of finding the global minimum. The optimal parameters were chosen on the 
4qr basis of the lowest objective function. 
A major difficulty is in deciding which data points, representing VLE, should be included 
in parameter estimation. This is of great importance since in the mathematical model of 
the experimental setup it is assumed that two phases are present in equilibrium. P, T and 
ntotat, i measurements are available for HF + R122 at isotherms from 273 to 373 K in 10 K 
intervals. A selection of isotherms from 273 to 373 K in 20 K intervals are presented in 
figure 6.9. The error in the total pressure measurements is estimated to be ± 0.005 bar. 
Error bars have not been included in figure 6.9, since they are smaller than the symbols 
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Figure 6.9: The raw PTz data from Ineos Fluor Ltd. (2006). Pressure - overall composition 
(P - z) slices are shown for the isotherms 273 K (bottom isotherm) to 373 K (top isotherm) in 
20 K intervals. The open squares represent the experimentally measured data point. The lines 
joining the symbols are included as a guide for the eye. The error in the pressure measurements is 
estimated to be ± 0.005 bar, error bars are smaller than the symbols representing the experimental 
data points and so have not been included. 
representing the total pressure measurements. It should be noted that the experiment 
was performed for a specified constant number of moles. For each experimental run of a 
given number of moles it was attempted to take total pressure measurements at the same 
isotherms. In practice it was not possible to attain exactly the same temperature for each 
constant number of moles run. Therefore, there are small deviations in isotherms of ± 
0.5 K. However, in model development the raw experimental measurements are inputed 
into the model of experimental setup and so it is not necessary to correct these deviations. 
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Figure 6.10: A plot of temperature - overall composition (T - z) space, the line represents SAFT- 
VR prediction for the LLE envelope at 10 MPa for k'=0.22 and eH 6/k = 1150 K. The crosses 
represent the experimental data points taken by Ineos Fluor Ltd. (2006). 
From an analysis of the data in figure 6.9 the flatness of the curves suggest that a large 
liquid-liquid immiscibility region is exhibited for the mixture HF + R122. For the low- 
temperature isotherms it appears that a VLLE region extends between an overall com- 
position of -0.1 to -0.9, becoming narrower at higher temperatures. Although it is not 
possible to identify the boundaries of LLE, it is possible to conclude that VLE occurs only 
at low and high concentrations of HF, and at high temperature isotherms. 
To identify which points represented VLE alone a bounding procedure is employed. For a 
given set of mixture parameters (the upper and lower bound of k and eH 6 specified in 
parameter estimation) the LLE region is predicted at 10 MPa. The SAFT-VR predictions 
are then plotted against all the data points in the temperature - overall composition 
0.2 0.4 0.6 0.8 1.0 
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(T - z) space, as demonstrated in figure 6.10 for k, = 0.22 and CHB/k = 1150 K. Only 
the data points outside of the predicted LLE region are then included in the parameter 
estimation. Such a plot typically assumes constant pressure. However, since the region of 
liquid-liquid immiscibility is fairly insensitive to pressure it is thought that this approach 
is able to give a good indication of which data points represent VLE. The parameter 
estimation on this subset of data is then performed; if a bound of kf - or eHB is reached, 
the range of parameters covered in the estimation procedure is refined. The LLE region is 
then predicted for the new range of parameters and the VLE data points to be included 
in parameter estimation are refined accordingly. This iterative approach to parameter 
estimation is repeated until none of the mixture parameters reach the bounds in the 
parameter estimation step. The resulting model is then deemed to be optimal for HF + 
R122. Since only an approximate method is used to determine the number of phases, a 
reliable evaluation of the statistical significance of the estimated parameters is not possible. 
6.5.4 Results and discussion 
The SAFT-VR model for HF + R122 developed using the experimental setup model with 
integrated parameter estimation is now presented. HF is represented using the three-site 
model developed in section 4.4.1 (consisting of one site of type a and two sites of type b), 
which is chosen over the two-site model since it gives a better description of pure HF. R122 
is modelled using the two-site model (consisting of one site of type a and one site of type 
b) presented in section 4.4.4, as it gives the best description of pure R122, and captures 
some of the dipolar nature of the molecule. Preliminary calculations performed using a 
three-site HF + zero-site R122 model did not predict liquid-liquid immiscibility, which is 
known to exist experimentally, therefore the zero-site R122 model is not considered further 
in this case study. The pure component model parameters are presented in table 6.9. In 
the previous SAFT-VR model for HF + R122, developed by Paricaud et al. (2004b), a 
three-site model for HF is also used. However R122 is represented by a zero-site model 
for the like interactions with two sites of type b active for the mixture unlike interactions. 
In order to obtain a good description of the experimental data it is necessary to optimise 
both kau and eH 6. The remaining mixture parameters are obtained using the Lorentz- 
Berthelot-like combining rules presented in section 2.4.1. The possibility of asymmetric 
interactions, or the extreme case of switching off one of the sites of R122 were investigated. 
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Table 6.9: The three-site HF and two-site R122 intermolecular potential model parameters in the 
SAFT-VR approach: m is the chain length, o the segment diameter, e the well depth, A the range 
parameter, 6HB the strength of association interactions, r,, the range of association interactions 
and rc* the range of association interactions reduced with respect to or. 
Model sites mo elk .1 6HB/k r. rI* 
(-) (A) (K) (-) (K) (A) (-) 
HF3 3 1.0000 2.74081 111.122 1.64666 1956.55 2.43897 0.889871 
R122-2(04) 2 1.3693 4.73691 272.272 1.45944 1608.19 4.06368 0.857874 
However, due to the many uncertainties in the experimental data it was decided to focus on 
the development of a three-site HF + two-site R122 model with symmetric cross association 
interactions. 
Experimental data at low overall compositions of HF covering a range of temperatures 
from -273 to -373 K, as shown in figure 6.10, are included in the parameter estimation. 
The optimal model parameters obtained are k il. 0.216787 and eHB/k = 1206.30 K. As 
already discussed in section 6.5.3 a reliable evaluation of the statistical significance of the 
estimated parameters is not possible because of the uncertainty in the number of phases 
present. 
An a posteriori LLE test is performed to check the region of liquid-liquid immiscibility 
predicted by the optimal model at 10 MPa (see figure 6.11). The LLE region predicted 
by the optimal model at 1 atm is also depicted in figure 6.11. Comparing the predictions 
at 10 MPa and 1 atm demonstrates how insensitive the LLE region is to pressure. The 
boundary of the LLE region at both pressures only diverges slightly at temperatures above 
-325 K. The main difference between the predictions at the two pressures is the upper 
critical solution temperature (UCST) point that is predicted: at 10 MPa a UCST point of 
-400 K is predicted compared to -386 K at 1 atm. In the parameter estimation an LLE 
region defined by the upper bound of kf- at 0.22 and the lower bound of eH b/k at 1150 K 23 
was assumed. This is also shown in figure 6.11. It can be observed that the optimal model 
predicts a narrower LLE region. Hence, all the data points included in the parameter 
estimation were correctly assumed to be in the VLE region. 
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Figure 6.11: The continuous curve represents the LLE boundary assumed in parameter estimation 
predicted by the parameters kid = 0.22 and eX b/k = 1150 K at 10 MPa. The dashed curve 
represents the LLE boundary predicted with the optimal model ki f=0.216787 and eHB /k = 
1206.30 K at 10 MPa. The dotted curve represents the LLE boundary predicted by the optimal 
model at 1 atm. The symbols represent experimental data points from Ineos Fluor Ltd. (2006). 
In order to evaluate how well the optimal model fits the experimental data the overall 
%AADs in pressure are calculated. All the points outside the LLE region predicted by the 
optimal model at 10 MPa are included in the evaluation. An overall %AAD in pressure 
of 4.67 % is obtained. This suggests that the optimal model developed using the experi- 
mental setup model with integrated parameter estimation describes the experimental data 
considered well. In figure 6.12 the trend in %AAD with temperature is shown. It can be 
observed that at low temperatures the SAFT-VR EoS over-predicts the pressure, but at 
higher temperatures the calculation under-predicts the pressure. 
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Figure 6.12: The %AADs in pressure for each of the VLE data points included in the development 
of a SAFT-VR model for HF + R122, as a function of temperature. 
The SAFT-VR predictions at 373.15,353.15,333.15 and 273.15 K are shown in figure 
6.13. The constant temperature P-z experimental data points included in the parameter 
estimation are also indicated. At 273.15 Ka wide region of liquid-liquid immiscibility 
is predicted by SAFT-VR, covering almost all the experimental data points. As the 
temperature is increased the region of liquid-liquid immiscibility decreases and the number 
of VLE points in the VLE region that could be used in parameter estimation increases. 
For comparison the predictions from the SAFT-VR model developed by Paricaud et al. 
(2004b) are also presented, along with the correlated PTx (vapour compositions were not 
available) data points from Ineos Fluor Ltd. (2004) that were used to develop the SAFT- 
VR model of Paricaud et al. (2004b). The correlated PTx data points were assumed to 
represent VLE. However, it is clear that many of these points are within the LLE region 
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Figure 6.13: Constant temperature P-x slices for HF + R122 at (a) 273.15 K, (b) 333.15 K, 
(c) 353.15 K and (d) 373.15 K. The curves and symbols represent models and experimental data 
as follows: the continuous curve is the three-site HF + two-site R122 SAFT-VR model developed 
in this work; the dashed curve is the three-site HF + zero-site R122 (with two sites of type b 
switched on in mixture interactions) SAFT-VR model developed in Paricaud et al. (2004b); the 
filled squares are the PTz points in the VLE region used in parameter estimation; the open squares 
represent PTz points in the VLLE region (excluded from parameter estimation) and pure HF and 
R122 pressures; all PTz points are obtained from Ineos Fluor Ltd. (2006); and the crosses are 
correlated PTx points used to obtain the model of Paricaud et al. (2004b). 
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predicted by the SAFT-VR model developed in this work. Since the PTx data assumed a 
much larger VLE region, the corresponding SAFT-VR model developed by Paricaud et al. 
(2004b) predicts a much narrower LLE region. The difference between the two SAFT-VR 
models illustrates the importance of incorporating a correct treatment of the experimental 
data available in the model development. The assumptions made in data reduction have 
a large impact on the correlated data obtained and in turn on the model developed using 
this type of advanced equation of state. 
The SAFT-VR models and data for HF + R122 can be further compared to a catalogue 
published by Wiltec Research Inc (Wiltec Research Inc, 2000), where they report that the 
following measurements for the HF + R122 system have been taken: PTx measurements 
between 273-448 K, LLE measurements between 273-403 K, and VLLE measurements 
between 283-373 K. The SAFT-VR model developed in this work predicts LLE around 
400 K, this appears to be in good agreement with the reported LLE measurements of 
Wiltec Research Inc (2000). 
To conclude, a model of total pressure VLE experimental setup with integrated parameter 
estimation is successfully adapted to model the total pressure experiments performed at 
Ineos Fluor Ltd. An approximate bounding procedure has been proposed that can be used 
to identify experimental data points that fall within the metastable LLE region and are 
hence discarded. A SAFT-VR model for HF + R122 has been developed that describes the 
experimental data well. Comparison has been made with a previously developed SAFT- 
VR model, which was developed using correlated PTx data. This case study demonstrates 
the benefit of using raw experimental data, as opposed to correlated or pre-treated data, in 
the development of mixture models using equations of state for complex HF + refrigerant 
systems. Assumptions made during data reduction as to the number of phases present and 
the thermodynamic models used have a direct impact on the accuracy and capability of 
the subsequent model developed. The only way to further improve the SAFT-VR model 
developed is to incorporate a knowledge about number of phases and their composition, 
which can only be obtained from sampling. 
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6.6 Conclusions 
A parameter estimation procedure has been integrated into a model of a static cell vapour- 
liquid equilibrium experiment. This has enabled the development of self-consistent inter- 
molecular potential models of the mixture using an advanced equation of state. This 
means that the same theoretical approach is used to calculate the amount of substance 
present, obtain mixture interaction parameters, and predict the compositions of the liquid 
and vapour phase in equilibrium. Traditionally, experimentalists use standard equations 
of state to generate the composition of the coexisting phases than the more advanced 
equations of state such as SAFT. This may lead to an inherent bias in the potential mod- 
els developed and does not permit a complete analysis of the statistical significance of 
the description. An integrated approach is best achieved through a close collaboration 
between experimentalists and modellers. 
To test the integrated approach, models are developed within the SAFT-VR framework 
for three experimentally well-studied binary mixtures of varying degrees of complexity 
in their fluid phase behaviour. The assumptions made within the model of experimen- 
tal setup have proven to be reasonable since the SAFT-VR description provides a good 
agreement with the experimental data. In the case of xenon + BF3 SAFT-VR accurately 
predicts the region of liquid-liquid immiscibility. The SAFT-VR mixture parameters ob- 
tained in the integrated approach are comparable with those obtained from the equilibrium 
compositions derived from data reduction. Since the experimental error is easily included 
in the parameter estimation in an integrated approach, a statistical analysis can also be 
undertaken; such an analysis indicates that there is a high confidence in the optimal pa- 
rameters obtained for two of the mixtures (xenon + diborane and xenon + cyclopropane). 
A quantification of correlation between the various parameters was also possible and it is 
shown that it is not desirable to estimate more than one binary interaction parameter in 
the case of the mixtures studied here. 
The approach developed is general and can be adapted to the specific setup of the static 
cell apparatus. To illustrate this the model of experimental setup is modified to study 
the complex system HF + R122. Due to uncertainties in the number of phases present 
at each data point an iterative approach to the parameter estimation is undertaken. The 
SAFT-VR description obtained from the PTz data predicts a much larger liquid-liquid 
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immiscibility region than a previous model obtained from correlated PTx data. 
Future extensions of this work would be to incorporate VLLE data into the problem 
formulation so that all experimental data could be used to obtained mixture parameters. A 
phase stability test should also be incorporated into the parameter estimation to eliminate 
the need for an a posteriori testing of phase stability. This has been done in Simoni et al. 
(2007) where reliable computation of binary parameters in activity coefficient models for 
liquid-liquid equilibrium was performed using an interval analysis method to identify all 
solutions and the tangent plane distance function to solve the phase stability problem. 
Chapter 7 
Conclusions and recommendations 
7.1 Summary 
The phase equilibrium of several systems containing strongly associating fluids and their 
mixtures has been successfully studied. In particular systems containing hydrogen fluoride, 
replacement refrigerants and their intermediates were modelled. These systems. are of 
importance to industrial manufacturers of replacement refrigerants. There are a number 
of challenges in modelling these systems. Firstly, strong intermolecular interactions have a 
significant effect on phase behaviour. Secondly, refrigerant molecules are non-spherical in 
shape. A consistent and physically reasonable approach to quantify their non-sphericity 
is required. Thirdly, there is often a lack of experimental data for these systems. This is 
because it is extremely difficult to perform experiments on systems involving HF. Often the 
data are inconsistent or unreliable. Furthermore, at experimentally accessible conditions 
there is generally significant uncertainty surrounding the number of phases present in 
equilibrium. 
In this work the statistical associating fluid theory with potentials of variable range (SAFT- 
VR) has been used to model the phase equilibrium of strongly associating systems. The 
theory has a firm basis in statistical mechanics and consequently leads to models with 
enhanced predictive capability. Short-range, directional, attractive sites explicitly account 
for association interactions between molecules. The effects on thermodynamic properties 
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due to non-spherical molecules are also explicitly accounted for in the theory. The theory is 
flexible enough to reflect the fact that different types of hydrogen bonds can form between 
two species. 
A systematic approach to parameterisation has been proposed in order to develop SAFT- 
VR models that can be used with confidence over a wide range of conditions included 
in the parameterisation, as well as predictively for conditions not included in parameter 
estimation. Five pure component parameters (segment diameter a, strength of dispersion 
interactions e, range of dispersion interactions A, strength of association interactions 6HB 
and range of association interactions rc) are obtained by the well-accepted approach of 
fitting to saturated vapour pressures and saturated liquid densities. The remaining pure 
component parameter m, describing non-sphericity, was assumed to be 1 for near-spherical 
HF. However, for the refrigerants it is difficult to determine a value of non-sphericity, either 
intuitively or from parameter estimation, that is consistent within a series of refrigerants 
and also with other families of chemicals such as alkanes. In this work a quantum mechan- 
ical analysis has been used to obtain a consistent and physically reasonable description of 
the non-sphericity of refrigerant molecules in pure component models. Mixture models are 
then obtained by fitting a maximum of three mixture parameters to mixture VLE data in 
the form of PTxy measurements. The mixture models developed successfully described 
experimental data over a wide range of conditions with a single set of mixture parameters. 
As a result of uncertainties in the types of aggregates that form due to association inter- 
actions a number of different molecular models were developed for each pure component 
system studied. Subsequently, for each mixture studied a number of different association 
schemes were investigated in an attempt to verify the choice of optimal molecular model 
for a given pure component. This approach to model discrimination was only partially 
successful. To obtain conclusive results more mixtures than those considered in this work 
must be studied. Alternatively, other types of experimental data could be included in 
model discrimination, such as spectroscopic data describing the degree of association or 
caloric data. However, for the systems studied in this work the choice was limited. 
The SAFT-VR models developed are significantly affected by the quality of experimental 
data available for the determination of model parameters. Although this is fairly intuitive, 
it is felt that this point is not sufficiently emphasised in the development of thermodynamic 
models. The experimental data available for the systems studied in this work were often 
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inconsistent. Although SAFT-VR predictions were capable of identifying inconsistencies 
in pure component and mixture VLE data, additional experiments or thermodynamic 
consistency tests are required to identify the correct experimental trend. In particular, 
the mixture VLE data sets for HF + R134a from different authors were inconsistent, this 
was reflected by the fact that different molecular models were optimal depending on the 
experimental data included in parameter estimation. This finding also emphasises the 
need to incorporate some estimation of experimental error in model development. 
Furthermore, in the course of this work the impact of using `experimental' data that have 
not actually been obtained from experimental measurements, but are in fact correlated 
data was investigated. In particular, for binary mixture VLE data, the compositions 
of the coexisting phases are often determined from data reduction as opposed to direct 
experimental sampling. Hence, the compositions are dependent on the thermodynamic 
model used and the assumptions made in data reduction. Using the raw experimental 
data in the development of models for advanced equations of state offers a better route to 
obtaining unbiased and statistically significant model parameters. 
In this work a mathematical model of total pressure VLE experimental setup with in- 
tegrated parameter estimation was developed, thus allowing self-consistent models to be 
obtained from raw experimental data. An integrated approach is best achieved through 
collaboration between modellers and experimentalists. The use of a model of the ex- 
perimental setup integrated within parameter estimation was validated by developing 
models for a number of experimentally well-studied mixtures of varying complexity in 
phase behaviour. These were; xenon + diborane, xenon + cyclopropane and xenon + 
boron trifluoride. Good agreement was observed between the thermodynamic models ob- 
tained from the raw data and correlated data. An estimation of the experimental error 
was incorporated into the parameter estimation, allowing a statistical evaluation of the 
thermodynamic model obtained. 
The mathematical model of the experimental setup was modified and used to develop 
a thermodynamic model for a complex system containing HF and R122. This is a par- 
ticularly challenging system to study since a large region of liquid-liquid immiscibility is 
observed. However, because of the presence of HF it was not possible to observe the 
number of phases present at each experimental point. Although an approximate approach 
was proposed to overcome the uncertainty surrounding the number of phases present, a 
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reliable evaluation of the statistical significance of the parameters was not possible. Signif- 
icant differences were observed, however, with a previous SAFT-VR model obtained from 
correlated data. This example highlighted the need to use raw experimental data when 
developing models for strongly associating systems. 
Finally, it is important to emphasise that the systematic approach to model development 
employed in this work is general. Predictive models for other chemical systems using 
different equations of state can be obtained following the approaches proposed in this 
work. 
7.2 Contributions of this work 
The key contributions of this work are: 
" The establishment of a systematic approach for the development of thermodynamic 
models to describe strongly associating fluids and their mixtures. 
" The use of a quantum mechanical analysis to obtain a consistent and physically 
meaningful description of the non-sphericity of refrigerant molecules. 
" Pure component SAFT-VR models for hydrogen fluoride and a number of refriger- 
ants obtained from a large number of pure component VLE data points covering a 
wide range of conditions. 
" The development of an automated parameter estimation procedure to determine 
mixture parameters from a number of different variables (e. g. temperature and 
vapour composition) simultaneously, incorporating experimental mixture VLE data 
over a wide range of conditions. 
" SAFT-VR models for the strongly associating mixtures HF + water, HF + R134a 
and the polar mixture R23 + R134a capable of describing mixture VLE over a wide 
range of conditions 
" The development of asymmetric association models in mixtures, acknowledging that 
different types of hydrogen bonds form between molecules of different species. 
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"A mathematical model of a static cell VLE experiment with integrated parame- 
ter estimation, allowing the determination of mixture model parameters from raw 
experimental data as opposed to pre-treated data dependent on a thermodynamic 
description. 
" The inclusion of an estimate of experimental error in the formulation of the objective 
function, thus allowing an evaluation of the statistical significance of the mixture 
parameters obtained. 
7.3 Recommendations for future work 
The recommendations for future work fall into two categories. Firstly possible improve- 
ments to the thermodynamic theory are considered. Secondly possible improvements to 
the computation of phase equilibrium and parameter estimation are discussed. 
Although the SAFT-VR models successfully describe the phase behaviour of strongly 
associating systems, there are some shortcomings in the models developed for HF and 
systems containing HF. To address this it is necessary to consider phenomena that have 
not been included in the theory used in this work. It is known that a significant number 
of ring aggregates form in vapour phase HF. Galindo et al. (2002) extended the theory to 
include the formation of ring aggregates and used this to study HF. Although they observed 
improvements in the qualitative description of thermodynamic properties, quantitative 
agreement was still poor. 
Bond cooperativity is also known to be of importance to systems containing HF. A theory 
that incorporates this effect into the SAFT framework has been developed by Sear and 
Jackson (1996). A future study investigating the effect of bond cooperativity and perhaps 
the combined effect of both bond cooperativity and ring formation would be of particular 
interest for systems containing HF. Both of these amendments to the theory significantly 
increase the computational cost of phase equilibrium and so have not been included in 
this work. 
Alternatively, simply changing the reference fluid from a hard-core square-well potential 
to a soft-core Mie potential, as implemented in SAFT-VR Mie, could lead to an im- 
proved description of the thermodynamic properties of HF. Such a study would improve 
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the understanding of the effect of repulsive interactions on the phase behaviour of HF. 
Furthermore, recently Lafitte et al. (2007) successfully described anomalies in the caloric 
properties of associating alcohols using SAFT-VR Mie. 
In systems containing refrigerants, polar interactions are of importance. In this work polar 
interactions have been treated implicitly. However, a number of approaches involving the 
explicit treatment of polar interactions within the SAFT framework have been proposed 
recently. It would be of great interest in future work to compare models obtained for 
polar refrigerants following an implicit and explicit approach. Thus testing the hypothesis 
in Haslam et al. (2008), that both approaches may be equally capable of describing the 
phase behaviour of polar systems. 
It is recognised that in associating mixtures, different types of hydrogen bond form be- 
tween the two species. As a result asymmetric association models were developed. This 
concept is in agreement with ideas by Legon and Millen (1987), who recognised that in a 
pure associating fluid the same molecule acts as the nucleophile and electrophile. How- 
ever, in the mixture one component tends to act as the nucleophile, while the other acts 
as the electrophile. Consequently, Legon and Millen (1987) proposed a relative scale of 
electrophilicities and nucleophilities. The concept of asymmetry in cross association in- 
teractions coupled with some physical understanding of quantifying asymmetry leading to 
more predictive models would be an interesting problem to tackle in future work. 
On the other hand improvements to the problem formulation and algorithms for the de- 
termination of model parameters would also improve the models obtained in this work. 
Firstly, extending the experimental data included in parameter estimation would further 
enhance the predictive capability of the models. Lafitte et al. (2007) have shown that 
anomalies in derivative properties can be reproduced if the derivative properties are in- 
cluded in parameter estimation, with little negative effect on the description of phase 
behaviour. This would be of particular interest when studying HF, since HF exhibits 
strong anomalies in derivative properties such as a maximum in heat of vaporistion as a 
function of temperature. 
In addition, the inclusion of VLLE data would be of relevance to systems containing HF 
and refrigerants. Large regions of liquid-liquid immiscibility are often exhibited by these 
systems, resulting in the availability of more VLLE data than VLE data at experimentally 
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accessible conditions. However, the formulation of the phase equilibrium problem and 
subsequent algorithm would be far more complicated than the formulation used in this 
work which assumes the presence of two phases in equilibrium (VLE). One way to overcome 
the introduction or removal of phases is to introduce a phase fraction parameter. If 
this parameter tends to zero then one less phase is assumed in the solution of phase 
equilibrium. Furthermore, the phase equilibrium algorithm would consist of alternate 
phase split calculations and phase stability tests, such as the algorithm suggested by 
Michelsen (1982b). Hence, the model parameters obtained in parameter estimation would 
represent stable equilibrium as opposed to metastable equilibrium and it would no longer 
be necessary to perform a posteriori phase stability tests. 
Furthermore, it would be interesting to tackle the problem of simultaneous estimation of 
pure component and mixture parameters. This would be important in order to develop 
pure component models, which could consistently give a good description of like interac- 
tions as well as unlike interactions with a number of different molecules. However, the 
simultaneous solution of phase equilibrium of a number of pure component and mixture 
systems at each iteration in parameter estimation would be computationally very demand- 
ing. To minimise the computational demands the parameter estimation algorithm could 
be formulated in such a way as to obtain a good set of pure component parameters and 
only then to determine mixture parameters. Alternatively, some pure component and 
mixture parameters could be obtained from individual parameter estimation problems 
and only a small number of pure component and mixture parameters could be refined in a 
larger parameter estimation problem involving a number of pure component and mixture 
systems. 
In future work it is recommended that more importance should be placed on the statistical 
evaluation of the model parameters. Statistical indicators are useful in determining the 
number of parameters that can be estimated reliably. Alternatively, in cases where a 
number of parameter sets are capable of describing the experimental data well statistical 
indicators could be of help in discriminating between models. 
Finally, it is recommended that further experimental work is carried out on the strongly 
associating systems studied in this work. A number of the data sources used in this work 
are inconsistent with one another. Additional experimental work should be performed to 
confirm the correct experimental trend. If this is not possible, rigorous thermodynamic 
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consistency tests could be carried out to indicate which of the data, if any, are reliable. 
Moreover, for HF + refrigerant systems experiments should be carried out to check if and 
where regions of VLLE are present. This would be of particular interest for the system 
HF + R134a where LLE is predicted by many different thermodynamic models, including 
those developed in this work, although the presence of LLE has yet to be confirmed 
experimentally. Improved knowledge of the phase behaviour of HF + refrigerant systems 
would lead to better predictive thermodynamic models. 
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